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As societies around the world become increasingly more dependent on fossil
based fuels, the need to investigate alternative fuel sources becomes more pressing.
Renewable, biomass-based carbon sources obtained from the biosphere can be gasified to
produce synthesis gas, which can in turn be fermented to produce fuel-grade ethanol. A
byproduct of ethanol production via fermentation is acetic acid. An optimized ethanol
fermentation process should produce a wastewater stream containing less than 2 g/L of
acetic acid. This is not enough acid to justify recovery of the acid; however it is a high
enough concentration that treatment of the stream is required before it can be discharged.
The purpose of this research was to convert the acetic acid into biogas, producing a twofold result: removal of the acid from the wastewater stream and the production of
methane, which is a valuable source of energy.

Microorganisms known as methanogens will consume acetic acid to produce
methane and carbon dioxide under anaerobic conditions. The goal of this research was to
optimize methane production from the wastewater stream discharged from an ethanol to
syngas facility. Sludge containing methanogenic organisms was obtained from the
anaerobic digester of a wastewater treatment facility and used as inoculum in batch
reactors containing a synthetic acetic acid solution. Variables such as the type and
amount of supplied nutrients, acid concentration, pH, cell acclimation, oxygen exposure,
headspace gas composition, and agitation rate were examined. The effects of these
parameters on the amount of biogas produced and acetic acid degraded were used to
evaluate and optimize reactor performance. Additional experimentation further
evaluating methanogenesis at low pH was also conducted using a laboratory scale semicontinuous fermentor. Finally, advanced analytical techniques were used to evaluate
changes in organism population with respect to changes in reactor operational
parameters. The results of this research were used to estimate kinetic parameters,
develop different full-scale reactor design models, and estimate the both the cost of
wastewater treatment as well as the value of the methane produced.

DEDICATION
I would like to dedicate this work to Mrs. Felicidad Hebron and Mr. Hunter
Henry, Jr.

ii

ACKNOWLEDGEMENTS
The Author would like to thank the following individuals at Mississippi State
University whose support and guidance made this work possible. Dr. Mark E. Zappi,
Advisor and Professor, Dave C. Swalm School of Chemical Engineering; Dr. W. Todd
French, Assistant Research Professor, Dave C. Swalm School of Chemical Engineering;
Dr. Kirk H. Schulz, Deavenport Chair and Director, Dave C. Swalm School of Chemical
Engineering; and Dr. Lewis R. Brown, Professor Emeritus, Department of Biological
Sciences; and Dr. Clifford George, Professor, Dave C. Swalm School of Chemical
Engineering. Valuable analytical and technical support was provided by Amanda
Lawrence and William Monroe of the Electron Microscope Center, and Dr. Dwaine
Braasch, Assistant Professor, Department of Biochemistry and Molecular Biology. The
Author also greatly appreciates the assistance provided by her fellow colleagues in the
Environmental Technologies Research and Applications Laboratory, as well as the
numerous undergraduate and high-school researchers who provided support for this
project. Finally, the Author would like to thank the United States Department of Energy
for funding the research and the National Science Foundation for awarding a Graduate
Research Fellowship to support her education and stipend.

iii

TABLE OF CONTENTS
Page
Dedication ……………………………………………………………………………… ii
Acknowledgements …………………………………………………………………….. iii
List of Tables …………………………………………………………………………... vii
List of Figures ………………………………………………………………………….viii
CHAPTER
I.

INTRODUCTION ..…………………….……………………………… 1
Current Research ……………………………………………………….. 1
Applications of Anaerobic Digestion …………………………………... 3
Future Implications …………………………………………………….. 4

II.

LITERATURE REVIEW ………...………………………………….… 10
Introduction to Methanogenesis ……………………………………….. 10
Early Research Efforts ………………………………………………… 11
Recent Research Developments ……………………………………….. 13
Identified Species of Methanogens ……………………………………. 14
Properties of Acetate-Utilizing Methanogens …………………………. 14
Physical Characteristics ……………………………………………….. 14
Physiological Characteristics ………………………………………….. 15
Optimum Temperature ………………………………………………… 16
Optimum pH …………………………………………………………... 17
Optimum Acetate Concentration ……………………………………… 19
Nutritional Requirements ……………………………………………… 20
Effects of Agitation ……………………………………………………. 22
O2 Tolerance …………………………………………………………... 23
H2 Metabolism …………………………………………………………. 26
H2 Production ………………………………………………………….. 29
CO2 Production and Metabolism ……………………………………… 30
Methane Production …………………………………………………… 31
COD Reduction ………………………………………………………... 32
iv

CHAPTER

Page
Cell Growth …………………………………………………….………. 33
Kinetics of Methanogenesis …………………………………….……… 34
Larger-Scale Applications of Methanogenesis ………………….……... 37

III.

RESEARCH HYPOTHESIS …………………...……………………… 55
Research Objectives ……………………………………………………. 56
Scope of Work …………………………………………………………. 58

IV.

MATERIALS AND METHODS …...…………………………………. 60
Batch Reactor Design ………………………………………………….. 60
Solution Preparation ……………………………………………………. 61
Experiment Preparation ………………………………………………... 62
Batch Reactor Operation ………………………………………….……. 64
Cell Recovery …………………………………………………………... 65
Sample Analysis ………………………………………………………... 66
pH and Redox Profiles …………………………………………………. 68
BioFlo Reactor Design and Operation …………………………………. 69
Data Management ……………………………………………………… 71
Fluorescent In-Situ Hybridization ……………………………………… 71
DNA Extraction ………………………………………………………... 73

V.

RESULTS AND DISCUSSION – BATCH FERMENTATION ……… 84
Nutrient Solution Composition ………………………………………… 84
Controls, pH Profiles, and Base Case Results ………………………… 89
Carbon Dioxide Recovery ……………………………………………... 91
Nutrient Solution Amounts ……………………………………………. 92
Acetic Acid Concentration …………………………………………….. 95
pH ….…………………………………………………………………... 99
Cell Acclimation/Maturation …………………………………………..106
Oxygen Exposure ………………………………………………………109
Hydrogen in Headspace ………………………………………………..114
Agitation ……………………………………………………………….118
Addition of Vitamins and Coenzyme M ……………………………….121
Temperature ……………………………………………………………129

VI.

RESULTS AND DISCUSSION – SEMI-CONTINUOUS ……….……168
FERMENTATION

VII.

RESULTS AND DISCUSSION – UTILIZATION OF ETHANOL …..182
FERMENTATION BROTH IN WASTEWATER
v

CHAPTER

Page

VIII.

RESULTS AND DISCUSSION – ORGANISM IDENTIFICATION ...189

XI.

KINETICS AND REACTOR DESIGN ……………………………….197

X.

ENGINEERING SIGNIFICANCE AND PROCESS ECONOMICS …205

XI.

CONCLUSIONS AND RECOMMENDATIONS ……………………..218

REFERENCES ………………………………………………………………………...223

vi

LIST OF TABLES
TABLE

Page

2.1

Substrates Degraded by Different Methanogens ………………………………. 46

2.2
2.3

Physiological Characteristics of Methanosaeta and Methanosarcina ………….. 47
Organisms
Methanogen Nutrient Solution Formulation as Recommended by Speece ……. 48

2.4

Operating Parameters of a Municipal Anaerobic Digester ………………….…. 49

2.5

Operating Parameters of an Industrial Anaerobic Digester ……………………. 50

4.1

Summary of Batch Reactor Components ……………………………………… 76

4.2

Acetic Acid Solution Preparation ……………………………………………... 77

4.3

Nutrient/Trace Metal Solution Preparation …………………………………… 78

4.4

Wolfe’s Vitamin Solution Formulation ……………………………………….. 79

4.5

Description of pH and Redox Potential Analysis Equipment ………………… 80

4.6

Description of GeneDetect.com, Limited 16S rRNA Oligonucleotide Probes .. 81

5.1a Summary of Results at Initial pH 4.5 …………………………………………..131
5.1b Summary of Results at Initial pH 7.0 …………………………………………..131

vii

LIST OF FIGURES
FIGURE

Page

1.1

Process Diagram for Ethanol Production via Synthesis Gas Fermentation …… 8

1.2

Recent Trends in Natural Gas Prices ………………………………………….. 9

2.1

Pathway for Methane and Carbon Dioxide Production from Acetic Acid …… 51
by Methanosaeta sp.

2.2

Pathway for Methane Production from CO2 and H2 ………………………….. 52

2.3

Schematic of Anaerobic Digestion of Agricultural Waste …………………… 53

2.4a Diagram of Upflow Anaerobic Sludge Blanket (UASB) Reactor ……………. 54
2.4b Diagram of Anaerobic Filter Reactor ………………………………………… 54
3.1

Proposed Wastewater Treatment Process ……………………………………. 59

4.1

Diagram of Batch Reactor System …………………………………………… 82

4.2

Diagram of New Brunswick Scientific BioFlo 3000 Reactor System ……….. 83

5.1

Reactor Pressure, Various Nutrient Solution Compositions, 2.0 g/L ………... 132
Acetic Acid, pH 7.0

5.2

Experimental Yield, Various Nutrient Solution Compositions, pH 7.0 ……... 133

5.3

Carbon Dioxide/Bicarbonate/Carbonate Distribution in Aqueous Systems …. 134

5.4

Gas Production, Various Nutrient Solution Compositions, 2.0 g/L …………. 135
Acetic Acid, pH 7.0

5.5

COD Reduction, Various Nutrient Solution Compositions, 2.0 g/L …...……. 136
Acetic Acid, pH 7.0

viii

FIGURE

Page

5.6 Reactor pH Profile, 2.0 g/L Acetic Acid ……………..…………….…….….…137
5.7

Reactor Pressure, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0 ….…..138

5.8a Reactor Pressure, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0, ….….139
Pressure Release #1
5.8b Reactor Pressure, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0, …......139
Pressure Release #2
5.8c Reactor Pressure, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0, …......140
Pressure Release #3
5.9

COD Reduction, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0 ….…...141

5.10 Gas Production Rate, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0 …142
5.11 Experimental Yield, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0 …..143
5.12a COD Degradation, Various Nutrient Doses, 8.0 g/L Acetic Acid, pH 7.0 …...144
5.12b Acetic Acid Degradation, Various Nutrient Doses, 8.0 g/L Acetic Acid, ……144
pH 7.0
5.13 Example of Lag Phase Prior to Gas Production ……………………………….145
5.14 Reactor Pressure, 20.0 g/L Acetic Acid, pH 7.0 ………………………………146
5.15 Reactor Pressure, 40.0 g/L Acetic Acid, pH 7.0 ………………………………147
5.16 Acetic Acid Degradation, 40.0 g/L Acetic Acid, pH 7.0 …………………...…148
5.17 Reactor Pressure, Various Initial pH Conditions, 2.0 g/L Acetic Acid ……….149
5.18 Experimental Yield, Various Initial pH Conditions, 2.0 g/L Acetic Acid …….150
5.19 COD Reduction, Various Initial pH Conditions, 2.0 g/L Acetic Acid …..……151
5.20 Reactor Pressure, Various Lengths of Cell Acclimation, 2.0 g/L ……………..152
Acetic Acid, pH 7.0
5.21 COD Reduction, Various Lengths of Cell Acclimation, 2.0 g/L …...…………153
Acetic Acid, pH 7.0
ix

FIGURE

Page

5.22 Experimental Yield, Various Lengths of Cell Acclimation, 2.0 g/L ………….154
Acetic Acid, pH 7.0
5.23 Reactor Pressure, Exposure of Cells to Oxygen, 2.0 g/L Acetic Acid, ……….155
pH 7.0
5.24 COD Reduction, Exposure of Cells to Oxygen, 2.0 g/L Acetic Acid, …….….156
pH 7.0
5.25 Experimental Yield, Exposure of Cells to Oxygen, 2.0 g/L Acetic Acid, …….157
pH 7.0
5.26 Reactor Pressure, Oxygen in Headspace, 2.0 g/L Acetic Acid, pH 7.0 …….…158
5.27 Experimental Yield, Oxygen in Headspace, 2.0 g/L Acetic Acid, pH 7.0 ……159
5.28 COD Reduction, Oxygen in Headspace, 2.0 g/L Acetic Acid, pH 7.0 ………..160
5.29 Reactor Pressure, 30% H2 in Headspace, 2.0 g/L Acetic Acid, pH 7.0 ……….161
5.30 Experimental Yield, 30% H2 in Headspace, 2.0 g/L Acetic Acid, pH 7.0 ……162
5.31a Reactor Pressure, Agitation at 100 rpm, 2.0 g/L Acetic Acid, pH 7.0, ……….163
Run #1
5.31b Reactor Pressure, Agitation at 100 rpm, 2.0 g/L Acetic Acid, pH 7.0 ……….163
Run #2
5.32a Experimental Yield, Agitation at 100 rpm, 2.0 g/L Acetic Acid, pH 7.0, …....164
Runs #1-2
5.32b Experimental Yield, Agitation at 100 rpm, 2.0 g/L Acetic Acid, pH 7.0 …….164
Runs #1-3
5.33 Methane Yield, 1X Nutrients and Supplements, 2.0 g/L Acetic Acid, pH 7.0 ..165
5.34 Methane Yield, 4X Nutrients and Supplements, 2.0 g/L Acetic Acid, pH 7.0 ..166
5.35a Methane Production Rates, 1X Various Nutrients and Supplements, ………..167
2.0 g/L Acetic Acid, pH 7.0
5.35b Methane Production Rates, 4X Various Nutrients and Supplements, ……..…167
2.0 g/L Acetic Acid, pH 7.0, 4X Dose
x

FIGURE

Page

6.1

BioFlo System pH ……………………………………………………………...177

6.2

Methane Content in BioFlo Reactor Headspace ……………………………….178

6.3

Carbon Dioxide Content in BioFlo Reactor Headspace ……………………….179

6.4

COD Reduction in BioFlo Liquid ……………...………………………………180

6.5

Redox Potential of Liquid and O2 Content in BioFlo Reactor Headspace ….…181

7.1

Experimental Yield, Fermentation Broth Substrate, 2.0 g/L Acetic …………...187
Acid, pH 7.0

7.2a Acetic Acid Degradation, Bioflow Cells, Fermentation Broth Substrate, ……..188
2.0 g/L Acetic Acid, pH 7.0
7.2b Acetic Acid Degradation, POTW Cells, Fermentation Broth Substrate ……….188
2.0 g/L Acetic Acid, pH 7.0
8.1a FISH Results, 20.0 g/L Acetic Acid, Methanosarcina sp. cells, ………...……193
Universal Methanogens Probe, 500 mm x 500 mm, 20X Magnification
8.1b FISH Results, 20.0 g/L Acetic Acid, Methanosarcina sp. Granule, …....….…194
Universal Methanogens Probe, 50X Magnification
8.1c FISH Results, 2.0 g/L Acetic Acid, Methanosaeta sp. cells, ………………….195
Methanosaeta Probe, 100X Magnification
8.1d FISH Results, 2.0 g/L Acetic Acid, Methanosaeta sp. cells, ………………….196
Universal Methanogens Probe, 100X Magnification
9.1a COD Degradation, Initial [Acetic Acid] 2.0 g/L, pH 7.0 ……………………...204
9.1b Acetic Acid Degradation, Initial [Acetic Aicd] 2.0 g/L, pH 7.0 ……………….204
10.1 Ethanol Wastewater Production from Synthesis Gas Fermentation ……………211
10.2a Yearly Methane Production at System pH 7.0, 95% Yield …………………….212
10.2b Yearly Methane Production at System pH 4.5, 130% Yield …………………..212
10.3a Yearly Energy Production at System pH 7.0, 95% Yield ……………………...213
xi

FIGURE

Page

10.3b Yearly Energy Production at System pH 4.5, 130% Yield ...…………………...214
10.4a Value of Methane Produced at System pH 7.0, 95% Yield ……………………215
10.4b Value of Methane Produced at System pH 7.0, 95% Yield ……………………215
10.5

Projected Cost of Anaerobic Wastewater Treatment …………………………..216

10.6

Estimated Rate of Return on Anaerobic Wastewater Treatment ……...……….217

xii

CHAPTER I
INTRODUCTION
Current Research
As the earth’s natural resources continue to be depleted, the necessity to
investigate alternative energy sources becomes increasingly more pressing. Each year the
biosphere produces an estimated seven times more energy in the form of biomass than
what is currently consumed. Ethanol produced from biomass represents an alternative
fuel generally considered one of the most promising. One production technique currently
under development is the production of ethanol from gasified agricultural products. Both
waste and cultured biomass resources such as saw dust, corn stover, cotton ginning trash,
and kenaf can be processed in a gasifier to produce a synthesis gas mixture composed
primarily of hydrogen (~45%), carbon monoxide (~25%), and carbon dioxide (20%).
Anaerobic bacteria then convert these gas constituents into ethanol or acetic acid within a
gas-liquid fermentor (Madhukar et al., 1996; Arora et al., 1997). Several organisms
having the potential for conversion of synthesis gas into ethanol are Acetobacterium
woodii, Butyribacterium methylotrophicum, Clostridium thermoaceticum, and
Clostridium ljungdahlii. Acetic Acid producing organisms include Acetobacterium
woodii, Butyribacterium methylotrophicum, Clostridium thermoaceticum, Eubacterium
limosum, Peptostreptococcus productus, Rhodopseudomonas gelatinosa, and
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Rhodospirillum rubrum. The mechanisms by which these organisms produce ethanol and
acetic acid are illustrated in Equations 1.1-1.4 below (Klasson et al., 1993; Arora et al.,
1997).
6CO + 3H2O Æ CH3CH2OH + 4CO2

(1.1)

6H2 + 2CO2 Æ CH3CH2OH + 3H2O

(1.2)

4CO + 2H2O Æ CH3COOH + 2CO2

(1.3)

2H2 + 4CO2 Æ CH3COOH + 2H2O

(1.4)

Figure 1.1 shows the complete flow diagram for the ethanol production process.
The syngas to ethanol fermentation process is estimated to produce a liquid stream
containing approximately 25 g/L of ethanol and 5 g/L acetic acid; however, the ratio of
ethanol to acetic acid production often depends upon the strain of organism, the
availability of nutrients, system pH, and reactor system design and operation (Klasson et
al., 1991; Gaddy and Clausen, 1992; Phillips et al., 1993; Arora et. al., 1997). After
separating the ethanol from the fermentation liquid using distillation, acetic acid remains
as the major component in an aqueous stream that has limited processing options. This
stream cannot be utilized for recirculation, as it inhibits ethanol production in the
fermentor (Arora et al., 1997), and, unless pretreatment occurs, the acetic acid
concentration prevents discharge to the environment. As a result, management of this
stream is a critical issue affecting the potential for commercial development of this
process.
Currently, most designs propose treating the distillation bottoms containing the
acetic acid as a process wastewater because recovering the acid is prohibitively
expensive. However, discarding a wastewater with such a high organic content is costly
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and a waste of valuable organic carbon that may be used for secondary production of
another beneficial product. A more resourceful approach for managing the acetic acid in
the waste stream involves utilizing methanogenic fermentation to produce biogas.
Bacteria known as methanogens consume acetic acid to produce methane and carbon
dioxide under anaerobic conditions. The theoretical yield for this conversion is one mole
of methane and one mole of carbon dioxide produced for every mole of acetic acid
consumed (Ferry, 1992). Numerous isolates have been identified as highly capable of
producing methane from acetic acid, and successful production of fuel-grade methane
from the anaerobic degradation of other types of wastewaters has been well documented
(Beccari et al., 1996; Speece, 1996; Azbar et al., 2000; Cronin and Lo, 1998).

Applications of Anaerobic Digestion
The most common application of anaerobic digestion is degradation of excess
biomass generated during the aerobic treatment of municipal wastes. These systems
produce biogas that is about 70% methane, with the remainder being primarily carbon
dioxide and small amounts of hydrogen sulfide, hydrogen, and carbon monoxide.
Digester off gas has an average heating value of about 650-750 Btu per cubic foot and
can be used by the wastewater treatment facility for additional heating or electrical
power. Industrial digestion systems can successfully reduce the COD by over 70% for a
wide range of solid and liquid waste streams resulting from a variety of different
processes including: biscuit and chocolate production; seafood processing and canning;
olive oil production; paper mills; sugar beet and potato processing; corn and potato starch
production; wine distilling; brewery plants; cheese factories; fruit and vegetable
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processing; and baker’s yeast factories (Mtz. Viturtia and Mata-Alvarez, 1989; Ranade et
al., 1989; Van Der Merwe and Britz, 1993; Beccari et al., 1996; Cronin and Lo, 1998;
Leal et al., 1998, Kato et al., 1999, Rodenhizer and Boardman, 1999). The gas produced
by industrial digesters varies widely in methane content depending on the composition
and concentration of the effluent. Several industries such as cheese production and
ethanol production produce a greater amount of energy during wastewater treatment than
the total process requires (Speece, 1996). Anaerobic digestion of agricultural wastes such
as livestock, swine, and poultry manure is a valuable process not only for the production
of energy, but also for addressing environmental concerns such as odor and pathogen
control as well as fertilizer production. Successful implementation of anaerobic digestion
of dairy waste at a particular dairy operation has been reported to produce the equivalent
of 2,000 kW hours, which is enough power to satisfy the electric needs of the diary, heat
the digester, heat 9,000 square feet of floor space at the facility, and provide energy to
power about additional 30 homes (BioCycle, 2000).

Future Implications
Advances in the area of methanogenesis have implications far beyond the
application to wastewater treatment in an ethanol biorefinery. The far-reaching
significance of research oriented toward energy recovery from waste streams is its
potential to change what society views as valuable energy resources by utilizing nontraditional feedstocks that have previously been considered waste products. The benefits
of developing these types of processes are two-fold: society sees an increase in available
energy produced from renewable resources, and waste products, once viewed as
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economical and environmental liabilities, become valuable commodities. Additionally,
tighter restrictions on air emissions, hazardous waste disposal, odor control, groundwater
contamination, and excess sludge disposal have forced industries to implement
innovative ways to process wastes while also minimizing the negative impact on the
environment.
Historically, most wastewaters have been treated using aerobic processes due to
their quick start-up and the availability of low-cost energy. In the recent years, natural
gas prices have increased nearly 150%, as shown in Figure 1.2 (Greenspan, 2003).
Projection of further price increases has generated renewed interest in the application of
anaerobic processes for the generation of energy in the form of biogas. In addition to
providing a source of renewable energy, the benefits of anaerobic technology include a
reduction in the volume and cost of waste biomass requiring disposal, increased process
stability, and elimination of off-gas pollution. Most experts agree that additional research
is critical in order for the application of anaerobic technology to be successful when
applied to unusual industrial wastewaters (such as those from pulp and paper mills and
others containing chlorinated compounds, phenols, and explosives).
The economic impact of anaerobic wastewater processing results from the
production of biogas, which contains 50-65% methane. Capturing this gas would provide
an additional source of methane in a market where the gap between supply and demand is
very tight (Greenspan, 2003). Currently, many municipal wastewater treatment facilities
flare their biogas, as the focus is on meeting water quality and disposing of excess
biomass. Using this energy source within the plant would decrease operating expenses
and reduce demand on the power grid. Common equipment suitable to being powered by
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biogas includes boilers, direct drive equipment, internal combustion engines, turbines,
and waste heat recovery systems (Speece, 1996). In larger operations where biogas
production exceeds the facility’s natural gas needs, the energy could be sold to the local
energy provider and generate additional profit. The recovery of energy from wastewater
will also be critical to improving the economic feasibility of producing alternative energy
fuels such as ethanol.
Along with wastewater treatment, the conversion of animal wastes and the
recovery of biogas from landfills have the potential to help bridge the gap between
natural gas supply and demand in the U.S. Both landfills and dairy farms have the
potential to become significant sources of renewable energy. A landfill supporting a
population of 100,000 people has the potential to generate 5 mW of power, while cattle
operations could produce up to 1 kW of energy per cow per day. Recovery of this biogas
would also benefit the environment, as off-gas from these facilities represent a
considerable fraction of greenhouse gas emissions. Crucial to the success of
implementing recovery systems at landfills and farms is continuing to focus on research
that optimizes biogas production for each specific application.
The single most important factor to increasing the utilization of liquid and solid
waste streams to produce energy is improving the methane yield. This research, while
limited to the methanogenic conversion of an acetic acid wastewater stream, produced
results that can be applied to maximizing the production of methane in a wider range of
applications that play an important role in increasing the production of alternative energy
from renewable resources. As understanding and optimization of anaerobic digestion
continues to grow, industries will be forced to expand their operations to include
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production of methane from renewable resources. Both industry and society are
positioned to gain considerable economic and environmental benefits from
implementation of this technology.
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CHAPTER II
LITERATURE REVIEW
Introduction to Methanogenesis
Methane and carbon dioxide are the terminal fermentation products of organic
compounds in anaerobic environments (Baresi et al., 1978). Methanogenesis is the
process by which organic and inorganic compounds are converted to methane by
methanogenic bacteria. Methanogens can utilize H2 and formate for growth; however,
acetate is the most important direct substrate of methanogenesis, accounting for 65-96%
of all methane production from the anaerobic decomposition of organic compounds
(Weber et al., 1984). About two-thirds of the methane produced in nature originates from
the methyl group of acetate, while the other third is produced from the reduction of CO2
with electrons derived from the oxidation of H2 or formate. Methane is produced from
acetate via fermentation in which the acetate molecule is cleaved and the methyl group is
reduced to methane with electrons derived from oxidation of the carbonyl group to CO2
(Ferry, 1992). This process is illustrated in Reaction 2.1.
CH3COO- + H+ Æ CH4 + CO2
(∆G°’ = -36 kJ/mol [Ferry, 1992])

(2.1)

The complete metabolic pathway for the direct conversion of acetic acid to methane and
carbon dioxide is comprised of complex biochemical conversions that are not completely
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understood. A few of the key enzymes identified so far include acetyl-CoA synthetase,
carbon monoxide dehydrogenase, methyltranferases, methyl-coenzyme M
methylreductase, heterodisulfide reductase, adenylate kinase, and inorganic
pyrophosphatase. Slight differences in the pathway have been observed for different
genera. In Methanosaeta sp. The conversion of acetate starts with the activation of
acetate by the enzyme acetyl-CoA synthetase, with simultaneous hydrolysis of one ATP
to AMP and PPi. In contrast, Methanosarcina sp. utilizes acetate kinase and
phosphotransacetylase to activate acetate. Acetyl-CoA is formed by acetylphospate
through the hydrolyzation of one ATP to ADP and Pi. Figure 2.1 shows the general
pathway for the conversion of acetic acid to methane and carbon dioxide by
Methanosaeta sp. (Jetten, et al., 1992).
In comparison, Figure 2.2 shows the biochemical pathway for the conversion of
hydrogen and carbon dioxide to methane. In this process, CO2 is first reduced by
coenzyme M in a step requiring 4 electrons, which are derived from the H2. A second
enzyme known as F420 facilitates the formation of a methyl coenzyme M, and in the final
step the methyl group is liberated as CH4 by methylreductase (Drake, 1994). Reaction
2.2 shows the stoichiometric reaction for the conversion of CO2 and H2 to methane.
4H2 + CO2 Æ CH4 + 2H2O

(2.2)

Early Research Efforts
In 1992 Jetten et al., published an extensive review of the history of
methanogenesis which is summarized here. The microbial production of methane from
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acetate was first described by the scientist Hoppe-Seyler in 1876. More detailed
descriptions of aceticlastic methane production were provided by Söhngen in the
beginning of the twentieth century. Söhngen described two distinctly different organisms
obtained from enrichment cultures grown on acetate: a sarcina and a rod shaped bacteria
that formed long filaments. Unfortunately, Söhngen’s cultures were lost; but in 1936,
Barker conducted further studies and was able to obtain enrichments similar to the
bacteria previously desribed. He identified the two types of bacteria as Methanosarcina
methanica and Methanobacterium soehngenii. In 1947, Schnellen became the first
scientist to isolate the first methanogen in pure culture. The bacterium was identified as
Methanosarcina barkeri, but these cultures were also lost (Jetten et al., 1992).
Methanogens were actually discovered before scientists were aware of the
kingdom to which they belong. In 1977 the kingdom Archaea was identified, and
methanogens were categorized as such. Many microbiologists consider Archaea to be
the “third form of life,” along with prokaryotes and eukaryotes (Sowers and Schreier,
1995). Archaea is a separate domain of organisms based on analysis of 16S rRNA
sequences, and the organisms classified as such have the ability to thrive in unusual
habitats under severe conditions, such as high temperature, high salt concentration, and
extreme pH. Archaea are most closely related to eukaryotes and are different from
bacteria in that their archaeal ribosomes contain acidic rather than basic proteins, and
their surface layers do not contain peptidoglycan. Additionally, the kingdom includes a
wide variety of both chemolithoautotrophic and organotrophic species, but no archaea
have been found to utilize photosynthesis to generate energy. Scientists are continually
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pursuing further understanding of this kingdom, and new discoveries are constantly
occurring. Archaea have been found in habitats previously thought to be uninhabitable,
such as deep-sea vents and solfataric fields, as well as in mesophilic and low-temperature
environments. Many scientists believe that understanding and employing the unique
characteristics of these organisms is key to developing novel industrial processes for the
future (Schafer et al., 1999).

Recent Research Developments
Since 1974, new isolates of methanogens have been obtained and described.
Currently, Methanosarcina sp. and Methanosaeta sp. (formerly known as Methanothrix
sp.) are identified as the only two known types of methanogens capable of metabolizing
acetate. However, it has been very difficult to isolate pure cultures of aceticlastic
methanogens, likely due to close symbiotic relationships with other bacteria (van den
Berg et al., 1976). Methanosarcina sp. is a much more versatile genus of methanogens
that includes species capable of growing on several different substrates including H2/CO2,
methanol, methylamines, and acetate. Methanosaeta sp. can only use acetate as an
energy source (Jetten et al., 1992). Both classes of methanogens are anaerobic, and while
the presence of oxygen has not proven to be lethal, it has been shown to inhibit growth
and methane production (Huser et al., 1982). Methanogens can be isolated from a variety
of sources such as freshwater and marine sediments, cattle and sheep rumen, anaerobic
sewage sludge, sanitary landfills, and biogas fermenters (Jetten et al., 1992).
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Identified Species of Methanogens
Both types of aceticlastic methanogens include numerous species with each
species being further subdivided into different strains of bacteria. The most commonly
observed rod shaped bacterium is identified as species Methanosaeta soehngenii. A
prevalent Methanosarcina sp. methanogen is the species Methanosarcina barkeri. Table
2.1 summarizes the various types, species, and strains of aceticlastic methanogens as well
as what substrates support growth (Jarrell and Kalmokoff, 1988).

Properties of Acetate-Utilizing Methanogens
Methanosarcina sp. and Methanosaeta sp. each posses unique physical and
physiological characteristics. Growth and methane production is affected by a variety of
conditions including the type of organism present, temperature, pH, acetate
concentration, available nutrients, agitation. Inhibition of growth and methane
production can be caused by the presence of oxygen or other compounds as well as high
concentrations of acetate.

Physical Characteristics
Methanosaeta sp. and Methanosarcina sp. are distinctly different in physical
appearance and have different physical properties. Methanosaeta sp. cells are often rods
1-2 µm in length and about 0.5 µm in diameter. Hundreds of rod shaped cells can
connect end to end to form a chain or long filaments that will occasionally separate.
(Colvin et al., 1979). Methanosarcina sp. exists as Gram-negative sarcina that usually
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form large packets of coccoid cells. These cells are often spherical in shape and are up to
2 to 3 mm in diameter (Brummeler et al., 1985).

Physiological Characteristics
Methanosaeta sp. is the predominate methanogen found in well-operating systems
such as anaerobic contact reactors and up-flow anaerobic sludge blanket (UASB)
reactors. Methanosaeta sp. has a much higher affinity for acetate (Ks = 0.5 mM) and a
lower minimum threshold for acetate utilization. Methanosaeta sp. has been shown to
utilize acetate at concentrations as low as 7-70 µM (0.413 mg/L – 4.13 mg/L). This high
affinity for acetate at low concentrations favors the growth of Methanosaeta sp. over
Methanosarcina sp. in systems with low acetate concentrations (< 1 mM, 0.059 g/L), and
the typical acetate concentration in systems such as UASB reactors is usually below 0.5
mM (0.03 g/L). Methanosarcina sp. has a lower affinity for acetate (Ks = 3-5 mM) and
cannot consume acetate at concentrations below 0.2-1.2 mM (0.012 g/L – 0.071 g/L). At
high acetate concentrations, Methanosarcina sp. is the predominant organism. The
difference in acetate affinity between the two organisms is attributed to differences in the
biochemical pathways as described in the introduction of this chapter (Jetten, et al.,
1992).
The drawbacks to Methanosaeta sp. are its low growth rate and growth yield.
This organism has a doubling time of 2-12 days and a growth yield of only 1.4 g dry
weight/mol acetate (0.024 g/g). Methanosarcina sp. grows much faster with a doubling
time of about 1 day and has a higher growth yield of 2 g dry weight/mol acetate (0.034
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g/g). Table 2.2 summarizes the physiological characteristics of Methanosaeta sp. and
Methanosarcina sp. (Jetten et al., 1992).

Optimum Temperature
Aceticlastic methanogens are primarily mesophilic bacteria. Most members of
the genera Methanosaeta are mesophilic, having an optimum temperature range for
methane production of 35-40°C. Very little methane production occurs during lengthy
incubation at 10°C; however, cells can remain viable and continue to grow and produce
methane during subsequent incubation at 35°C. No growth or methane production occurs
during incubation at 45°C, and cells are no longer viable after 4 weeks of incubation at
this temperature (Patel, 1984).
Methanosarcina sp. has been shown to have a similar optimum temperature range
of 35-37°C (Yang and Okos, 1987). One study utilizing an enriched culture of
methanogens determined the optimum temperature range to be 40-45°C, with methane
formation ceasing at 50-55°C (van den Berg et al., 1976).
Thermophilic methanogens include Methanosaeta strains CALS-1, PT, and
Methanosaeta thermoacetophila as well as Methanosarcina strain TM-1 (Jetten et al.,
1992). Strain TM-1 has been isolated from an anaerobic sludge digester operating at
55°C and grown on acetate at 50°C (Murray and Zinder, 1985). Methanobacterium
thermoautotrophicum is a well-known thermophilic strain that utilizes H2 and CO2 to
produce methane. The optimum temperature for this organism is 65-70° C (Uemera and
Harada, 1995).
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Optimum pH
One of the most important environmental factors associated with optimizing the
methanogenic production of biogas is system pH (Bhadra et al., 1984; Brummeler et al.,
1985; Mawson et al. 1991; Speece, 1996). There is significant variation in the values
reported in literature for the optimum pH required for methanogenesis. Methanosaeta sp.
has been shown to produce methane in the range of pH 6.8-8.2. One study suggested an
optimum range of pH 7.4-7.8 (Huser et al., 1982), while another reported the optimum
pH for Methanosaeta sp. to be 7.8 with no activity below pH 6.8 (Brummeler et al.,
1985). Methanosarcina sp. has been shown to grow in a much wider range of pH 6.0-8.0
with the optimum pH around 7.0 (Yang and Okos, 1987). Brummeler, et al. (1985)
suggested it can grow at a pH as low as 5.0. An enriched culture of methanogens was
shown to produce methane in the range of pH 5.8-7.1; however, at pH 7.6 there was no
methane production (van den Berg et al., 1976). Industrial and municipal anaerobic
digesters typically operate in the 6.0-7.0 pH range and have noted significant problems
with biomass retention and decreases in methane production at pH values less than about
6 (Brummeler et al., 1985; Azbar et al., 2000). More recent research has begun to
investigate and exploit the ability of some methanogens to tolerate and even thrive in
acidic environments. The most significant example of acidophilic methanogenesis occurs
in bogs and peatlands, where the bulk pH is often less than 5.0. While these
environments are known to be a major source of atmospheric methane, it has proven
difficult to isolate methanogenic bacteria capable of growth at low pH (Duval and
Goodwin, 2000). One early attempt to isolate an acidophilic methanogen failed;
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however, the research did show that the organism was capable of producing methane at
pH 3-4 (Williams and Crawford, 1985). Further efforts to isolate an acid-tolerant
methanogen showed that Methanosarcina sp. strains actually grow faster at pH values
less than 7, and the growth rate peaks at pH values less than 5 (Maestrojuan and Boone,
1991).
One published hypothesis explaining the ability of methanogens to survive in
acidic environments involves the ability of the organisms to control the pH of the
surrounding microenvironment. It is possible that the methane produced in bogs and
peatlands occurs in localized, higher pH microniches and within the neutral pH niche
inside the microorganism itself (Duval and Goodwin, 2000). Other research suggests
that the ability of methanogens to function at low pH is dependent upon what substrate is
being catabolized. Methanosarcina sp. has been shown to prefer acidic pH conditions
when grown using H2 and CO2 as substrates rather than acetate. When grown on H2 and
CO2, Methanosarcina sp. similar growth rates were observed during growth in complex
medium and mineral salts media. However, when the catabolic substrate was changed to
acetate, the growth was slower in simple medium containing no other organic
compounds. When yeast extract, peptones, and coenzyme M were added along with
acetate, the growth rate of Methanosarcina sp. was significantly faster (Maestrojuan and
Boone, 1991).
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Optimum Acetate Concentration
Some research has shown that high concentrations of acetate can be inhibitory to
methane production. Yang and Okos (1987) reported that acetate concentration did not
affect growth yield, but it did affect growth rate and methane production rate observed
with Methanosarcina sp. According to their study, the optimum acetate concentration for
growth is about 0.1 M (6.0 g/L), and at concentrations greater than 0.24 M (14.4 g/L),
growth of Methanosarcina sp. is completely inhibited. Slight inhibition as well as a
longer lag phase was observed at 0.22 M (13.2 g/L) acetate. Yang and Okos (1987)
concluded that depending on the strain of bacteria, methanogens might require a longer
adaptation period or could be completely inhibited by high acetate concentrations. They
also calculated the optimum acetate concentrations for Methanosarcina barkeri strains
227 and MS and Methanosarcina mazei strain S6 to be 3.6, 6.8, and 7.0 g/L, respectively.
Studies performed with Methanosaeta sp. suggest that it is not affected by higher
concentrations of acetate. Huser et. al. (1982) reported that a pure culture of
Methanosaeta soehngenii showed no inhibition even at acetate concentrations as high as
2.5 g/L. Van den berg et al. (1976) reported similar results using an enriched culture of
methanogens. They found that the rate of acetic acid conversion was not affected by
concentrations in the range of 0.2-100 mM (0.012-6.0 g/L) and concluded concentrations
up to 6.0 g/L are not toxic to the methanogenic bacteria.
Duarte and Anderson (1982) suggest that the unionized volatile acid concentration
is what actually inhibits methanogenesis. They report that an un-ionized volatile acid
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concentration of about 10.0-25.0 mg/L is detrimental to methanogenic processes. This
corresponds to pH values below 6.3.

Nutritional Requirements
To optimize growth and methane production, methanogens require certain
nutrients and trace metals. All methanogens utilize ammonia as a source of nitrogen, and
all methanogens also appear to require nickel, cobalt, and iron (Jarrell and Kalmokoff,
1988). The lack of any one of these nutrients or trace metals can severely limit the
process of methane production. Speece (1996) recommends that nitrogen in the form of
NH4 be provided to stimulate methane production. He also recommends that
phosphorous in the form of PO4, as well as other trace metals such as magnesium and
zinc be provided. Table 2.3 summarizes the specific nutrient requirements as determined
by Speece (1996).
A few researchers suggest that additional trace metals are necessary for
methanogenic growth. Selenium, molybdenum, manganese, aluminum, and boron have
been recommended as additional components in media (Brummeler et al., 1985; Yang
and Okos, 1987; Azbar et al., 2000). A few researchers also suggest providing trace
amounts of tungsten, vanadium, and copper (Yang and Okos, 1987; Azbar et al., 2000).
Some research suggests that the growth of methanogens is also stimulated by
vitamins. Jarrell and Kalmokoff (1988) stated that Methanosaeta soehngenii requires
biotin for growth, while Methanosarcina barkeri Fusaro requires riboflavin and is also
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stimulated by folic acid. This research also stated that biotin as well as thiamin and
PABA are essential for the growth of Methanosaeta concilii.
A number of researchers have examined how the addition of yeast extract to the
media affects methanogenesis. Baresi et al. (1978) conducted studies on enriched
cultures of Methanosarcina sp. by varying the concentration of yeast extract from 0.010.5%. Their results showed a dramatic increase in the rate of methane production in
medium containing 0.1-0.5% yeast extract. However, the total amount of methane
produced was the same regardless of the amount of yeast extract added. They concluded
that yeast extract may satisfy certain nutrient restrictions of the enrichment and stimulate
the rate of methanogenesis, but the amount of methane produced is dependent upon the
acetate concentration.
Later studies conducted by Smith and Mah (1980) examined pure cultures of
Methanosarcina barkeri strain 227 provided with both yeast extract and yeast extract ash.
Addition of either yeast extract or the ash increased the period of exponential
methanogenesis but did not significantly affect the doubling time of the organism. Yeast
extract seemed to be more stimulatory than the ash, and 0.5% yeast extract yielded
slightly more methane than 0.1% yeast extract. Smith and Mah (1980) concluded that
yeast extract does not greatly affect the growth rates or growth efficiency of cultures;
however, it does result in greater cell and final methane yields.
Yang and Okos (1987) also concluded that the addition of 0.1% yeast extract to
the medium is stimulatory to the growth of methanogens. However, they also found that
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cultures grown in medium containing concentrations of yeast extract greater than 0.1%
did not show significantly higher, but sometimes slightly lower methanogenic rates.
Patel (1984) studied the effects of adding yeast extract to Methanosaeta concilii.
His study found that yeast extract had no effect on the lag period prior to methane
production but severely reduced the growth rate. The growth rate in the presence of 0.5%
yeast extract was about 20% lower than the growth rate with no added yeast extract. In
the presence of 0.25, 0.5, and 1.0% yeast extract, the methane production after 4 weeks of
incubation at 35°C was 48, 13, and 1%, respectively, of the methane production with no
yeast extract. The addition of yeast extract ash had no effect on methane production.
Huser et al. (1982) also found that the conversion of acetate to methane by Methanosaeta
soehngenii was not stimulated by yeast extract at a concentration of 6 g/L. Studies
conducted by Fathepure (1983) found that adding 0.1-0.5% yeast extract to cultures of
Methanosaeta soehngenii stimulated growth and rate of methane production, but the final
yield of methane after 12 days of incubation remained constant.

Effects of Agitation
Few studies have examined the effects of agitation on methane production. Patel
(1984) conducted experiments with Methanosaeta concilii and concluded that shaking of
cultures at 110 rpm did not enhance methane production. Studies performed by
Dannenberg et al. (1997) on methanogenesis from anoxic incubation of soil slurries
showed that methane production rates were significantly lower when the slurry was
shaken. Non-agitated slurries produced methane at a rate of about 23 nmol/h-g dw soil.
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When the slurry was shaken, methane production was only about 11 nmol/h-g dw soil.
When slurries were stirred, methane production was further reduced and eventually
stopped completely. Soil slurries that were incubated for 28 days with stirring and then
tested with gentle shaking also produced less methane than slurries that had been gently
shaken during incubation. At the end of the experiments, stirred slurries exhibited higher
acetate concentrations than slurries that were shaken or not agitated at all. The authors
concluded that agitation, especially stirring, inhibits methane production by destroying
the integrity of the cells and disrupting the syntrophic methanogenic bacteria
associations. In systems that were stirred, the most probably number of methanogens
were 2 orders lower than those that remained static. This same study found that addition
of a suspension of Methanosarcina barkeri to sterile anoxic sea sand containing 100 mM
of acetate resulted in the formation of methane only if the slurries were incubated under
static conditions (Dannenberg et al., 1997). Patel (1984) also reported that shaking of
enriched methanogenic cultures at 110 rpm during incubation did not enhance CH4
production.

O2 Tolerance
Methanogenesis from acetate has generally been considered a strict anaerobic
process. Exposure to oxygen has no lethal effect; however, growth and methane
production will only occur under anaerobic conditions (Huser et al., 1982). Fetzer and
Conrad (1993) reported that concentrations of O2 greater 0.5% immediately inhibited
production of methane by Methanosarcina barkeri. The addition of O2 in concentrations
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between 0.05-0.1% inhibited methane production after about 0.5 to 2 hours after the O2
was added. Addition of 0.005% O2 did not inhibit methane production.
Fetzer and Conrad (1993) also studied the effects of redox potential on
methanogenesis, as redox potential is a good indicator of the amount of O2 present. They
reported that methane production was not inhibited by positive redox potentials lower
than about +400 mV. The bacteria were able to decrease the positive redox potential
themselves and begin methane production as soon as the redox potential decreased below
the critical value of +50 mV. They concluded that the inhibitory effect of O2
concentrations greater than 0.5% may be explained by the rapid increase of the redox
potential to values greater than the critical value of +50 mV. They surmised that the
bacteria did not have enough reducing power to decrease the redox potential as long as
O2 was present. The reduction of the redox potential to less than +50 mV seemed to be a
signal for the initiation of maximum methanogenesis by Methanosarcina barkeri.
Other researchers suggest that methanogenesis can be enhanced by the presence
of small amounts of oxygen. Pirt and Lee (1983) reported that methane production rates
were almost doubled by the presence of trace amounts of O2. They suggested that
methane production should be operated as an oxygen-limited rather than a strictly
anaerobic process. Kato et al. (1993) reported that methanogenesis by granular sludge
occurred in the presence of excess oxygen and suggested that methanogens either have a
high tolerance for oxygen or are present in highly protected microniches inside sludge
granules.
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Patel et al. (1984) studied the affect of O2 exposure on the death rate of
Methanospirillum hungtei strain GP1, Methanobacterium thermoautotrophicum strain
∆H, and Methanobacaterium bryantii strain M.o.H. Of the three methanogens, M.
hungatei had the most rapid death rate while M. bryantii had the slowest. Some factors
possibly affecting the survival of methanogens exposed to O2 are: 1) exposure of cells in
the presence of reducing agents such as cysteine, 2) exposure of cells from different
growth phases, 3) the nature of the recovery medium and possible carryover of toxic end
products of reaction with O2, 4) previous history of the culture in terms of laboratory
handling and contact with O2, and 5) strain variations. Some suggest that the loss in
viability of Methanosarcina sp. has been underestimated because the cells exist in large
aggregates and those and the center may be shielded from O2 exposure. Other
methanogens that do not exist in such aggregates would not receive the same protection.
Differences in death rates of methanogens could be due to differences in the mechanisms
by with the organisms cope with O2 or illustrate differences in the ability to scavenge O2.
This study concluded that it is possible to expose methanogens to O2 for short periods of
time without significant loss of cell viability.
In a separate study, Petersen et al. (1998) found that exposure to oxygen for
extended periods of time decreased the concentration of active methanogens in the
culture; however, not all of the biomass was rendered inactive. One culture exposed to
air for 72 hours was eventually able to produce methane. They also found that growth
rate was not dependent on the time of oxygen exposure or the concentration of oxygen to
which the culture was exposed. They concluded that methanogenic cultures can be
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exposed to oxygen for extended periods of time and still retain methanogenic activity.
Exposure to oxygen does significantly lower the initial amount of active biomass but
does not change the culture in a way that affects subsequent generations of cells. The
researchers also concluded that the aerobic portion of the consortium studied may
actually protect the anaerobic portion. The consortium formed granular colonies, and it
was surmised that aerobes grew on the outside of the granula and consumed most of the
oxygen before if could diffuse to the anaerobes.
Fetzer et. al. (1993) report similar findings that relatively short oxygen exposure
periods (<30 hours) allowed for 90% survival of some methanogenic species including
Methanosarcina barkeri. However, exposure to air did result in decreased methane
production rates when the bacteria were subsequently incubated under anaerobic
conditions. Methane production potential decreased with the time of oxygen exposure
exhibiting a 75% decrease in activity after 200 minutes. The viability of the bacteria did
not decrease, as 100% of the initial number of 108 counts ml-1 survived 200 minutes of
exposure to O2.

H2 Metabolism
Initial research involving methanogenesis from pure cultures of Methanosarcina
barkeri and Methanosarcina thermoautotrophicum indicated that the formation of
methane from acetate required the presence of H2 as an additional energy source. Zeikus
et al. (1975) performed experiments on pure cultures of both organisms grown in an
atmosphere of 80% H2 and 20% CO2. They found that after six weeks of incubation, no
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methane was produced from acetate when the organisms were grown in a N2 or CO2
atmosphere. They concluded that acetate does not serve as an energy source for
methanogenic species, and it instead acts as an electron acceptor and is reduced to
methane when electrons are supplied by hydrogen oxidation. Weimer and Zeikus (1978)
came to similar conclusions in 1978, finding that Methanosarcina barkeri strains UBS
and 227 did not grow in a mineral acetate medium lacking H2/CO2.
In 1978 Smith and Mah published results contradicting the previous findings. In
their experiments, the organism was grown in a 100% N2 atmosphere. They
demonstrated growth and methanogenesis of a pure culture of Methanosarcina barkeri
strain 227 on acetate as the sole carbon and energy source. Similar results were also
published by Mah et al. in 1978. They stated that methanogenic conversion of acetate by
Methanosarcina 227 is similar to that in mixed culture and does not require external
sources of H2. They also found that the ability to utilize acetate was greatest for those
cells grown only on acetate and least for cells grown on H2/CO2. They concluded that
pure cultures of methanogens metabolize acetate at a significant rate in a N2 atmosphere
when cultures are isolated, maintained, and grown on acetate.
Methanosaeta sp. is unable to utilize H2 as an energy source. Zehnder et al.
(1980) observed growth and methane formation from Methanosaeta soehngenii in an
85% N2, 15% CO2 atmosphere. In experiments performed in the presence of H2, no
effects on methane formation were observed. However, H2 did partially repress CO2
formation from the methyl group of acetate. Methanosarcina strain TM-1, a thermophilic
methanogen, is also unable to utilize H2/CO2 as an energy source when grown on
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methanol. Acetate metabolism was inhibited at partial pressures of 0.1 and 0.7 atm of H2
(Zinder and Mah, 1979).
Van den Berg et. al. (1976) completed studies on an enriched culture obtained
from effluent from a pear peeling waste digester. These studies compared the rates of
acetic acid consumption and methane production in gas phases containing 0, 0.5, and
80% H2. They found that the rate of acetic acid conversion to methane was not
significantly affected by the amount of H2 contained in the atmosphere. They also
concluded that the methanogenic bacteria in the mixed culture did not use hydrogen to
produce methane. In contrast, a study of an enriched culture obtained from anaerobic
sludge from a mesophilic methane digester showed that replacing the atmosphere with
100% H2 resulted in the inhibition and eventual cessation of methane production (Baresi
et al., 1978).
There is some evidence suggesting that in mixed cultures, syntrophic interactions
of certain anaerobes are based on the production and transfer of small amounts of H2 to a
hydrogen-utilizing partner. In evaluations of acidic peat bog sediments, small amounts of
H2 were produced from endogeneous sources. Upon the induced inhibition of
methanogenesis or supplementation with primary alcohols, H2 production and
accumulation increased. Both anaerobic bacteria that degrade primary alcohols and H2scavenging anaerobes have been isolated from pH-neutral environments, leading
researchers to conclude that H2-utilizing methanogens exist syntrophically with H2producing anaerobes (Horn et al., 2003).
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H2 Production
In 1987 Krzycki et al. reported that traces of H2 were produced and consumed
during growth of certain Methanosarcina species on acetate. H2 was produced at the
onset of methanogenesis as a consequence of normal growth, and Methanosarcina
barkeri suspensions produced H2 at linear rates during methanogenesis. When measured
at the end of H2 formation, 5-20 nmol of H2 was produced for every 1 µmol of methane.
In control experiments, no H2 was produced in vials that contained only medium
supplemented with sodium acetate. The rate of H2 formation was proportional to the
amount of cells present, and the rate and amount of both H2 and CH4 formation were
dependent on acetate concentration. The authors concluded that H2 production by M.
barkeri is a redox-dependent process linked to acetate cleavage and hypothesized that
two processes could be the origin of electrons used for the production of H2: 1) the
oxidation of the carbonyl intermediate which is the theoretical substrate of carbon
monoxide dehydrogenase and is generated following the cleavage of acetate, or 2) the
oxidation of the methyl group of acetate to CO2. The authors also concluded that it is
possible that the clumping morphology of this organism may serve to allow the H2
evolved by one cell during consumption of acetate to be regained via H2 utilization by an
adjacent cell. Hydrogen formation is not a stoichiometric reaction with the oxidative
reactions of acetate catabolism, and the data did not prove H2 to be an obligate
intermediary metabolite required for the reduction of the methyl position of acetate into
CH4.
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CO2 Production and Metabolism
Carbon dioxide, along with methane, is a product of methanogenesis.
Theoretically, in the direct decarboxylation of acetic acid, methane and carbon dioxide
should be produced in equal amounts. A second mechanism has been postulated,
however, for the production of methane from carbon dioxide. If the entire amount of
carbon dioxide produced from the decarboxylation of acetic acid is reduced to methane,
then an equimolal amount of methane will be produced. In this case, half of the total
methane formed will be from the direct decarboxylation of acetic acid while the other
half will come from the reduction of CO2. If there is no reduction of CO2 to form
methane, then the entire amount of methane produced will be from the direct
decarboxylation of acetic acid (Weber et al., 1984). The mechanism for the production of
CH4 from the reduction of CO2 likely explains why the CO2 content reported in literature
ranges from 12-30% (Bhadra et al., 1984; Weber et al., 1984). Because CO2 is highly
soluble in water, Bhadra et al. (1984) corrected their reported values of the composition
of the biogas to account for the dissolved CO2. Before the correction, the gas ranged
from 12-30% CO2; after the correction, the composition ranged from 32-38% CO2.
Many of the experiments involving methanogens have been performed in an
anaerobic environment containing N2 and CO2. The concentrations reported in literature
range from 15% CO2 (Zehnder et al., 1980) to as much as 50% CO2 (Yang and Okos,
1987). A number of other studies, however, have shown that methanogens can grow and
produce methane in a 100% N2 atmosphere (Baresi et al., 1978; Mah et al., 1978;
Fathepure, 1983; Smith and Mah, 1978 and 1980). Yang and Okos (1987) even

31
suggested that CO2 dissolved in the growth media might possibly inhibit methane
production.

Methane Production
Methane formation is linearly related to both acetate utilization and cell growth,
The preferred method of monitoring methanogenic growth is by measuring the amount of
methane formed (Yang and Okos, 1987). The rate of acetate consumption has been
shown to be the same as the rate of methane formation, with approximately one mole of
methane formed per mole of acetate utilized. In experiments performed in serum vials,
85-98% of the acetate was converted into methane and bicarbonate (Zehnder et al., 1980).
Methanosarcina mazei strain S6 has been shown to produce as much as 368 mL
of methane gas from each gram of acetic acid consumed when grown at 35-37°C and pH
6.8-7.2. This is equivalent to a yield of 0.986 mol of CH4 per mole of acetic acid, just
slightly less than the theoretical value of 1.0. The slight difference in yield may be a
result of not detecting dissolved methane in the liquid medium (Yang and Okos, 1987).
Yang and Okos reported that Methanosarcina barkeri, Methanosarcina mazei, and
Methanosaeta soehngenii all have similar growth and methane yields.
Huser et al. (1982) and Patel (1984) reported that the methane production rate of
Methanosaeta soehngenii and Methanosaeta concilii are concentration dependent at
initial acetate levels less than 10 mM (0.6 g/L). Patel (1984) reported that the CH4
production rate of M. concilii with an initial acetate concentration of 5 mM was 40% less
than the production rate at 10 mM acetate, while the rate remained unchanged at acetate
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concentrations between 10-80 mM. In optimum growth conditions in medium containing
70-80 mM acetic acid, up to 60 mmol CH4/L was produced after 4 weeks of incubation at
35°C. The maximum methane production rate was about 3 mmol/L-day, and 0.95 mol
CH4 was obtained for every mole of acetic acid consumed.
In a larger scale application utilizing a series of 2 L reactors and a mixed culture,
Bhadra et al. (1984) report that at initial acetic acid concentrations of 3.0, 5.0, 7.0, and
9.0 g/L, 80.8, 81.9, 85.2, and 86.2 percent (respectively) of the acetic acid was converted
to methane and carbon dioxide. The total gas yield reported for this study was 58.7-271.9
mL/day, and the methane content of the gas ranged from 60.7-65.3%. Between 0.43-0.55
mL of methane gas was produced for every mg of acetic acid consumed. Yang and Guo
(1991) used 1.5 L reactors seeded with digested sewage sludge and produced
approximately 720 mL of gas for every gram of acetic acid consumed. Approximately
50% of the gas produced was methane. Morvai et al. (1990) produced an average of 0.47
m3 of gas from every kg of acetate consumed utilizing 6.8 L reactors and substrate
containing 0.1-3.0 g/L acetic acid.

COD Reduction
Methane production is a direct result of COD reduction within the methanogenic
system. Anaerobic treatment is often used to treat low strength wastewaters with a COD
less than 2000 mg/L, and often times the COD is less than 800 mg/L (Kato et al., 1999).
On a somewhat larger scale, Duarte and Anderson (1982) conducted experiments using
25 L anaerobic reactors. The influent COD ranged from 2250-4250 mg/L acetate, and
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the effluent ranged from 34-1330 mg/L acetate. These values correspond to a removal
efficiency of 71-97%.

Cell Growth
Only 1.3-1.8% of the acetate consumed during methanogenesis is incorporated
into biomass (Zehnder et al., 1980). Weimer and Zeikus (1978) reported a growth yield
for Methanosarcina barkeri of 1.6-1.9 g cells per mole of methane formed. This value is
about one-fourth of the cell growth reported for growth in medium containing H2/CO2 or
methanol as energy sources. Therefore, acetate catabolism generates much less energy
than H2/CO2 or methanol catabolism. Yang and Okos (1987) reported a cell yield of 1.94
cells per mole (0.033 g/g) of acetate consumed for Methanosarcina mazei and 1.8 + 0.2 g
cells/mol of methane produced for Methanosarcina strain TM-1. Methanosaeta concilii
has been shown to have a growth yield of 1.13-1.16 g cell dw/mol acetate (0.019-0.0197
g/g) (Patel, 1984), while Methanosaeta soehngenii has a growth yield of 1.1-1.4 g
biomass per mole of acetate (Huser et al., 1982). Variation in cell yields is likely to occur
due to experimental errors in measuring the cell dry weight as well as differences in
medium composition used in the studies. Cell growth yield can be affected by the
nutrients present in the medium if the ratio of C/N, C/P, or C/S is not appropriate (Yang
and Okos, 1987).
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Kinetics of Methanogenesis
Yang and Okos (1987) evaluated the kinetics of methanogenesis from acetate
using pure cultures of Methanosarcina barkeri and Methanosarcina mazei. In general,
the growth kinetics for batch fermentation can be expressed as follows:

dX
= (µ − k d )X
dt

(2.3)

dS
1
=
dt
y x µX

(2.4)

dP
dS
= −yp
dt
dt

(2.5)

−

where µ is the specific growth rate (hr-1), kd is cell decay rate (hr-1), yx is cell growth
yield (g cells/g acetic acid), yp is methane yield (L CH4/g acetic acid), and S and X are
the acetate and cell concentrations (g/L) in the medium, respectively. Because less than 3
mL of CH4 gas are dissolved in 100 mL of water at 25°C and 1 atm, almost all of the
methane gas formed escapes from the liquid phase. Therefore, P is defined as G/V where
G is the total amount of methane gas produced at time t, and V is the liquid volume of the
growth medium. A maintenance term, m, is neglected because it is very small compared
to the growth term, µ/yk. The decay rate term kd is also negligible when methanogenic
growth is in the exponential phase. These two terms are only important when µ is close
to zero.
Because certain bacterial strains are inhibited when acetate concentration is high,
Edwards suggested a kinetic model for bacterial growth with substrate inhibition.
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µ=

µmS

(2.6)

K s + S + S 2 Ki

where µm is the maximum specific growth rate attainable, Ks, the saturation constant
(g/L), is the concentration of limiting nutrient required for growth at half the maximum
rate, and Ki is a constant related to substrate inhibition (g/L). A smaller Ki indicates a
larger effect of substrate inhibition on bacterial growth (Yang and Okos, 1987).
Yang and Okos (1987) derived the following equations from Equations 2-5 above
for cases when both kd and m are negligible as compared to µ at the exponential growth
phase.
−

µmS
1 dX
1 dP
dS
X
=
=
=
dt
y x dt
y p dt
yx K s + S + S 2 Ki

(

)

(2.7)

When both yx and yp are constant, the following equations are obtained:
X = X o + y x (S o − S )

(2.8)

P = Po + y p (S o − S )

(2.9)

Substituting X into Equation 2.7 and integrating yields the model:

µ m t = A ln

S S − So
X
+ B ln
+
So
Ki
Xo

where,
A = 1+
B=−

Ks
S + X o yx
+ o
So + X o yx
Ki

Ks
So + X o yx

(2.10)
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Equation 2.10 can be fitted with experimental data using nonlinear regression to obtain
values for the rate constants µm, Ks, and Ki. Only the initial conditions, Xo, So, and Po,
and one of the time dependent variables, X, S, and P, are needed to estimate the
parameters of this model. X, S, and P are related to each other in Equations 7 and 8.
Methane formation (P) is preferred over the others because it is more easily and
accurately measured.
When kd is negligible and dt is finite, µ is assumed to be constant and Equation
2.3 can be integrated to obtain the equation
ln

X2
= µ (t 2 − t1 )
X1

(2.11)

where X = Xo + yxG/ypV. When yx, yp, and V are constant and Xo is negligible, the
specific growth rate can be estimated using the following equation:

µ=

ln (G2 G1 )
at S12
t 2 − t1

(2.12)

where µ is the specific growth rate at the concentration of acid S12 , the average of S1 and
S2. G1 and G2 are the accumulated amounts of methane gas produced at time t1 and t2,
respectively (Yang and Okos, 1987).
Yang and Okos (1987) also developed an equation for determining the optimum
acetate concentration for methanogenesis. This equation is obtained from Equation 2.6
by setting the derivative of µ with respect to S equal to zero and solving for S. The
optimal acetate concentration, Sopt, and the maximum specific growth rate, µmax, are
expressed as follows:
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S opt = (K s K i )

1/ 2

µ max =

µ m S opt
2 K s + S opt

(2.13)

(2.14)

Morvai et al. (1992) reported slightly different kinetic equations originally
published by Haldane in 1930. The generalized equation is
r=

rmax
1 + K s S + S K1

(2.15)

where r is a specific reaction rate such as specific growth rate (µ) or specific gas
production rate (q), rmax is the maximum value in the absence of inhibition, Ks is a halfrate constant, K1 is the inhibition constant, and S is substrate concentration.

Large-Scale Applications of Methanogenesis

In the treatment of municipal wastewater streams, anaerobic digestion is typically
applied to the treatment of excess sludge solids from various sewage treatment processes.
Concentrated sludge results from several stages of sewage treatment, including the
removal of waste particulates in screening and primary sedimentation, as well as the
sludge frown in secondary biological oxidation processes. Before disposal, the solids are
further concentrated via settling combined with anaerobic digestion. This process is
typically multi-stage beginning with liquefaction of the insoluble organics, followed by
conversion of the soluble organics to acids by acetogens. The acids formed in the
acetogenic step, primarily acetic along with propionic and butyric, are then converted to
methane and carbon dioxide in a methanogenic anaerobic digester. The biogas
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composition in most municipal anaerobic digesters is about 70% methane, with the
remainder being primarily carbon dioxide. Hydrogen sulfide, hydrogen, and carbon
monoxide are also present in small amounts. Digester off gas has an average heating
value of about 650-750 Btu per cubic foot, and approximately 12 to 18 standard cubic
feet of biogas are produced per pound of organic matter decomposed. Digester biogas
has a lower heating value compared to natural gas (about 1000 Btu/ft3); but is quite useful
in reducing the in-house energy costs associated with operating a wastewater treatment
facility. In cases where excess biogas is produced, it can be utilized off-site for
additional heating and power after the removal of hydrogen sulfide (when concentrations
exceed 0.7%) (Bailey and Ollis, 1985). Additionally, the resulting solids can be utilized
as agricultural fertilizer. The reduction in the sludge volume of about 500 kg of biomass
per 1000 kg of COD removed during anaerobic digestion process also reduces the costs
associated with sludge treatment and disposal (Speece, 1996).
The anaerobic treatment of municipal waste streams operates under relatively
different conditions compared to industrial anaerobic digesters. Municipal digesters are
typically much larger and handle a waste stream with a lower organic content, resulting
in less energy production per unit volume. Table 2.4 summarizes some of the operational
parameters of a municipal digester (Bailey and Ollis, 1985).
There are significant economical and environmental and advantages to utilizing
anaerobic waste treatment processes. The methane produced is valued at approximately
$60 per 1000 kg of COD removed. In many smaller applications, the biogas that is
produced is flared, as recovery and utilization is uneconomical. In addition to the energy
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and sludge disposal cost savings, anaerobic processes also require less nutrient
supplementation, equating to a savings of approximately $50 per 1000 kg of COD
removed. An equal amount is also saved due to the lack of an oxygen transfer
requirement (Speece, 1996).
Industrial digestion systems can successfully reduce the COD by over 70% for
wide range of solid and liquid waste streams resulting from a variety of different
processes including: biscuit and chocolate production; seafood processing and canning;
olive oil production; paper mills; sugar beet and potato processing; corn and potato starch
production; wine distilling; brewery plants; cheese factories; fruit and vegetable
processing; and baker’s yeast factories (Mtz. Viturtia and Mata-Alvarez, 1989; Ranade et
al., 1989; Van Der Merwe and Britz, 1992; Beccari et al., 1996; Cronin and Lo, 1998;
Leal et al., 1998, Kato et al., 1999, Rhodenhizer and Boardman, 1999). Industrial waste
streams can be divided into two basic groups: non-complex and complex. Non-complex
wastewaters do not contain compounds at seriously inhibitory concentrations or
compounds that cause problems, such as foaming or scum layer formation. Complex
wastewaters contain insoluble or potentially insoluble pollutants and/or compounds that
cause inhibition, toxicity, foaming, scaling, or sludge flotation. Many non-complex
streams can be treated with a simple upflow anaerobic sludge blanket (UASB) reactor
configuration; however, it is well accepted that complex streams require additional
research, and each reactor system must be configured specifically to accommodate the
properties of a particular source (Lettinga and Pol, 1991). Industrial anaerobic digesters
typically handle medium to high strength waste streams, with inlet COD values ranging
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from 2000 to as much as 200,000 mg/L. Table 2.5 summarizes the main characteristics
of an industrial anaerobic digester (Bailey and Ollis, 1986).
Presently, full-scale plants treat a variety of different types of wastewater streams
from municipal waste, alcoholic and soft drink bottling industries, paper recycling, paper
mills, fruit and vegetable canneries, and malting and brewing processes. One of the most
successful applications of anaerobic digestion of an industrial wastewater stream has
been in the treatment of brewery effluents. Low strength brewery wastewaters (600-900
mg/L COD) are particularly suitable for this treatment, as they contain mostly soluble,
easily degradable substrates. The methane content of the biogas from this type of
operation can be as high as 85%, and the system produces an average of 0.35 m3 of
methane per kg of COD removed (Kato et al., 1999). Three specific industries that could
see significant benefits by utilizing anaerobic digestion for energy production include
seafood processing, cheese whey production, and ethanol production. A pilot scale
process treating effluent from a crab processing unit was able to produce a biogas
containing 60-76% methane at a rate of 393 mL of methane per gram of COD removed.
This equates to an energy production of approximately 6,230 kcal per m3 of reactor
volume. At this rate, a facility generating 18,200-33,000 liters of wastewater could
produce enough biogas to eliminate its natural gas requirements (Rodenhizer and
Boardman, 1999). Cheese production actually supplies a greater fraction of energy than
the total process energy requirement, and it is estimated that each kg of COD destroyed
generates $60 worth of biogas. Approximately 40% of the total energy requirement for

41
the production of ethanol can be obtained by anaerobic treatment of the resulting
wastewater, an energy savings of about $50 per 1000 kg of COD (Speece, 1996).
Anaerobic digestion of agricultural wastes such as livestock, swine, and poultry
manure is a valuable process not only for the production of energy, but also
environmental concerns such as odor and pathogen control as well as fertilizer
production. Unfortunately, farmers have been reluctant to incorporate anaerobic
digesters into their waste management due to the high capital costs, improper and faulty
design of systems, difficulty handling solids, high operation and maintenance costs, and
large discrepancies between what the producers paid electric companies for electricity
and the price electric companies were willing to pay producers for electricity (Morse et
al., 1995).
Despite the challenges, energy recovery systems have been successfully
implemented at farms. Figure 2.3 shows a schematic of an anaerobic digestion system
for a dairy operation. The simplest system is an anaerobic lagoon fitted with a floating
cover to capture the biogas. A 14,000 m3 lagoon treating dairy livestock waste from 350
animals can produce about 320 m3 of biogas per day, the equivalent of 20-25 kW of
electricity. The projected annual savings to the dairy is approximately $16,000, or about
76% of the annual energy costs (BioCycle, 1999). A plug flow anaerobic digester system
was implemented at a 500 cow dairy facility in Minnesota with even greater success. The
digester produces 50,000 ft3 of biogas per day, the equivalent of 2000 kW hours per day.
An on-site generator creates enough power to satisfy the electric needs of the diary, heat
the digester, and heat 9,000 square feet of floor space at the facility. Additionally, the
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farm has successfully partnered with the local utility company to provide energy to power
about 30 homes. This production rate results in an annual savings of $20,000 in electric
bills. Because the utility company has agreed to pay full price for all of the electricity
generated, the initial investment of $250,000 is expected to be recovered in 5 years or
less (BioCycle, 2000).
Research has also been conducted to optimize the anaerobic digestion of poultry
manure, slaughterhouse wastewater, and swine manure. Poultry manure is particularly
difficult to process anaerobically, as the high nitrogen content of the solids can be
inhibitory to methane production. A mixture of 40% fresh manure and 60%
anaerobically digested sludge produces the highest methane content (Bujoczek et al.,
2000). Digestion of slaughterhouse wastewater (primarily esters of fatty acids and
glycerol) in an anaerobic sequencing batch reactor can produce a biogas containing
almost 80% methane (Masse et al., 2002). Codigestion of swine manure with cardboard
produces a methane yield of over 75% (Wong and Cheung, 1989).
In an effort to assist farmers, the US Department of Energy AgSTAR program has
issued a set of guidelines for evaluating the feasibility of a farm-based energy recovery
system. Ideally, the farm would support at least 300 head of cattle, and the reactor would
be regularly supplied with fresh feed. It is strongly recommended that each system be
individually designed for each application. A population of 500 cows should produce
from 30,000-50,000 ft3 per day, with minimal generator maintenance costs (less than
$3700 per year). To make this technology even more appealing to farmers, grants and
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loans that can significantly offset the capital cost of construction are available from state
and federal government.
Some of the advantages to anaerobic biotreatment include increased process
stability, reduction of waste biomass, reduction of installation space requirements,
conservation of energy with ecological and economical benefits, and minimization of
operational attention requirements. When compared to aerobic digestion, the next logical
choice for wastewater treatment, anaerobic digestion saves about $150/1000 kg of COD
destroyed due to lesser nutrient requirements, the lack of an oxygen transfer requirement,
and reduced waste biomass synthesis rates. The process also generates about $60/1000
kg of COD destroyed as a result of methane production, brining the total cost benefit to
about $210/1000 kg of COD destroyed (Speece, 1996). Additionally, the methane
produced via wastewater treatment would offset the cost of energy required to operate
other equipment in the facility or serve as an additional income source if converted to
electricity. In tropical climates where the ambient temperature is sufficient to maintain
mesophilic conditions (34-39° C) without any additional source of energy input,
anaerobic digestion is even more attractive, as all of the methane generated could be sold
for additional profit (Leal et al., 1998).
Despite many successes, anaerobic treatment is still considered by many to be an
unstable process unable to produce a high quality effluent stream. Full-scale processes
often are plagued by long start-up periods and slow digestion rates. Recent research has
shown that anaerobic wastewater treatment can be implemented successfully when the
process is properly operated and parameters such as process configuration, temperature,
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biomass immobilization, pH, nutrient supplementation, and substrate complexity are
optimized. Another important parameter that must be considered is the source of the
seed. Most anaerobic digesters, both on an industrial and a laboratory scale, are seeded
with sludge originally obtained from a municipal wastewater treatment facility. Because
of the complex nature of the substrate processed in these facilities, the seed usually
contains more than 30 microbial species, many of which have not been identified. The
disadvantages to using an undefined culture include: 1) the populations between the
dominant species may not be balanced, 2) undesired species may be present and interfere
with methanogenesis, and 3) species with favorable methanogenic properties may not be
present (Azbar et al., 2000). Yang et al. (1988) suggest that a well-developed and
defined mixed culture may significantly shorten the start-up period, increase reaction
rate, and provide stable and reliable operation.
Reactor systems applied to anaerobic wastewater treatment include the UASB
reactor; the anaerobic filter; the fluidized and expanded bed reactor; and the fixed film
reactor, which can be operated as either a downflow or upflow reactor. The UASB, a
configuration where liquid waste is moved upward through a dense blanket of anaerobic
sludge, is the most frequently applied of these technologies. A diagram of a simple
UASB reactor is shown in Figure 2.4a, and a diagram of an anaerobic filter reactor is
shown in Figure 2.4b. Fluidized bed reactors utilize small, fluidized media particles to
induce extensive cell immobilization to achieve high reactor biomass hold-up and long
mean cell residence time. This allows for high organic loading rates and short hydraulic
retention times (Garcia-Calderon et al., 1998). Fixed film reactors enable cells to be
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retained in the reactor, allowing for maintaining high concentrations of active biomass
without significant loss of biomass in the effluent. These reactors also have a high
loading capacity, no mixing requirement, and usually have no problems with settling and
channeling (Bhadra et al., 1984).
Complex waste streams that require a more advanced reactor configuration
include those resulting from seafood processing, bakers’ yeast production, fruit and
vegetable processing, and cheese whey production. In the cases of these streams, the
organic loading rate (OLR) is much higher, making biomass retention in the conventional
UASB reactor difficult. Different reactor configurations proposed to improve biomass
retention include the fixed film fluidized bed reactor; the biogas tower reactor; and
combinations of UASB with ultrafiltration of the effluent using membrane technology.
Research involving these more advanced systems has shown that even the strongest waste
streams, such as bakers’ yeast effluent and olive oil mill effluent (CODs > 50,000 mg/L),
can be treated with an energy recovery of 70-80% (van der Merwe and Britz, 1993;
Beccari et al., 1996). Key to maximizing the efficiency of these system is the acclimation
period of the sludge, which can vary from as little as two weeks to as much as several
months (Cronin and Lo, 1998).

46
Table 2.1: Substrates Degraded by Different Methanogens (Jarrell and Kalmokoff,
1988)
Organism
Methanosarcina
acetivorans C2A
barkeri MS
barkeri 227
barkeri DM
barkeri CHT1
barkeri FR-1
barkeri Fusaro
mazei MC3
mazei LYC
mazei S-6
thermophila TM1
vacuolata Z-761
strain MP
Methanosaeta
concilii
soehngenii VNBF
soehngenii opfikon
soehngenii
soehngenii FE
CALS-1

Growth Substrate
acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
CO2/H2, acetate/H2, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
CO2/H2, acetate, methanol, methylamines
acetate, methanol, methylamines
acetate/CO2
acetate only
acetate only
acetate only
acetate only
acetate only
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Table 2.2: Physiological Characteristics of Methanosaeta and Methanosarcina
Organisms (Jetten et al., 1992)
doubling time (days)
growth yield (g/mol acetate)
Ks (mM)

Methanosaeta
1-12
1.4
0.5

Methanosarcina
0.5-2
2.1
3.0
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Table 2.3: Methanogen Nutrient Solution Formulation as Recommended by
Speece (1996)
Element
NH4-N
PO4-P
S
Ca
Mg
Fe
Ni
Co
Zn

Required Amount
(mg/g acetate)
3.3
0.1
0.33
0.13
0.018
0.023
0.004
0.003
0.02
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Table 2.4: Operating Parameters of a Municipal Anaerobic Digester (Bailey and
Ollis, 1985)
Temperature, °C
Substrate concentration, g/L
Reactor size, gal
Power produced per unit volume,
hp/103 gal

10 - 30
0.1 - 5
50,000 – 400,000
0.05 - 0.1
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Table 2.5: Operating Parameters of an Industrial Anaerobic Digester (Bailey
and Ollis, 1985)
Temperature, °C
Substrate concentration, g/L
Reactor size, gal
Power produced per unit volume,
Btu/103 gal-day

20 - 50
5 - 40
250 – 40,000
82 - 1639
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Figure 2.1: Pathway for Methane and Carbon Dioxide Production from Acetic Acid by
Methanosaeta sp. (Jetten et al., 1992)
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Figure 2.2: Pathway for Methane Production from CO2 and H2 (Drake, 1994)
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Figure 2.3: Schematic of Anaerobic Digestion of Agricultural Wastes (Dusault, 2004)
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Figure 2.4a: Diagram of Upflow Anaerobic Sludge Blanket (UASB) Reactor
(Lettinga et al., 1980)

Figure 2.4b: Diagram of Anaerobic Filter Reactor (Lettinga et al., 1980)

CHAPTER III
RESEARCH HYPOTHESIS
The hypothesis directing this research focused on identifying and optimizing a
process for treating the acetic acid waste stream produced by the fermentation of
synthesis gas to ethanol. Treatment utilizes microorganisms known as methanogens to
convert the acetic acid into methane and carbon dioxide, thereby turning a waste product
into a potential energy resource. It is envisioned that the results from this work could be
applied to any type of anaerobic wastewater treatment for the production of biogas.
However, the specific aim of this work was to optimize methane production from the
wastewater stream discharged from a syngas to ethanol facility. Figure 3.1 is a process
flow diagram suggesting how an anaerobic reactor may be incorporated into an ethanol
biorefinery. As shown in the figure, the anaerobic digester would produce a methanerich biogas stream, providing an in-house energy source for the ethanol dehydration
equipment. The effluent stream would contain sufficiently low concentrations of acetic
acid to allow for discharge to a publicly owned treatment facility. Finally, fresh biomass
could be added to replace cells that may wash-out of the system, and any excess biomass
waste would be sent to the gasifier for disposal.
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Research Objectives
Research objectives involved maximizing both the amount and methane content
of the biogas with the understanding that this conversion would also produce an effluent
stream with a lower COD value, suitable for discharge to a POTW.
Three main objectives were targeted for investigation in this research:
1. Optimize methane production by varying system amendments.
2. Challenge bioreactor stability and stress the reactor ecosystem by varying
operational parameters.
3. Evaluate changes in organism population with respect to changes in
reactor operational parameters.
The first objective included experiments varying nutrient and trace metal amendments as
well as the age of the cells. Nutrient solutions with different compositions were
evaluated to determine the optimum formulation for methane production by the cells.
Additionally, different amounts of the optimum nutrient formulation were tested to
maximize methane yields and production rates. Finally, waste fermentation broth from
ethanol and acetic acid production experiments was obtained, and experiments were
conducted to determine if this waste media could successfully be incorporated into the
anaerobic digestion process. The impact of the age of the cells used as inoculum on
biogas production was also investigated to determine when fresh cells should be added to
the system.
The second objective included variation of operational parameters such as initial
substrate concentration, extent of cell oxygen exposure, headspace composition,

57
temperature, agitation rate, and initial pH. Substrate concentration was varied to
determine what, if any, acetic acid concentration is inhibitory to methane production.
The composition of the gas headspace was varied to determine the effects of both oxygen
and hydrogen on methane production. Methanogens are anaerobic organisms; however,
since it can be operationally difficult to maintain a completely oxygen free system on an
industrial scale, it was necessary to determine to what extent this process can manage the
presence of oxygen. Initially, the fresh cell material was sparged with pure oxygen for a
predetermined period of time in order to determine if oxygen impaired or inhibited
methane production. A second series of experiments evaluated the effects of having air
in the reactor headspace as compared to an oxygen-free environment. As discussed in the
Literature Review (Chapter 2), several species of methanogens are also able to convert
hydrogen and carbon dioxide into methane. To evaluate the potential of this conversion
to increase methane yield, experiments were also performed with an initial headspace
composition of 30% hydrogen and 70% nitrogen. The goal in these experiments was to
determine if the carbon dioxide produced by the acetic acid utilizing methanogens could
be further converted into methane by the H2/CO2 utilizing methanogens. Temperature,
agitation rate, and pH were also varied and used to determine optimum operational
conditions for maximizing methane production.
After evaluating data obtained from the batch experiments, the scope of this
research was expanded to include larger scale, semi-continuous methanogenic
fermentation. In order to evaluate the long-term capability of methanogens to remain
active in a low pH environment, a bench-top New Brunswick Bioflo 3000 fermentor was
maintained for over 9 months. During this time, regular gas and liquid samples were
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collected in order to track gas production and acetic acid utilization as a function of
system pH. The source of inoculum used in this reactor was also expanded to include
wastewater treatment cell material and sediment from a bog located along the Natchez
Trace (Between Starkville, MS and Jackson, MS).
The third experimental objective focused on determining how changes in reactor
operation affect the methanogenic population. As discussed in the Literature Review
(Chapter 2), certain environmental conditions can preferentially promote the growth of
certain genera or species of methanogen over another. Specifically, the impact of
substrate concentration and pH on the growth of different species was targeted for
evaluation. Investigation of this objective relied on advanced fluorescent microscopy and
DNA extraction for species identification.

Scope of Work
This research was accomplished by first conducting laboratory-scale experiments
in 500 mL batch reactors. All objectives regarding optimization of methane production
were first evaluated using these small-scale systems. The most successful system
amendments and operational paramenters were then targeted for further long-term
experimentation in a bench-scale, semi-continuous fermentor. Results of
experimentation were used to design and predict the operation of industrial scale systems
as well as to estimate the economic impact of methane production for various ethanol
production rates. Future work would include incorporating an anaerobic digestion system
into a pilot-scale ethanol production facility.
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CHAPTER IV
MATERIALS AND METHODS
Batch Reactor Design
All experiments were conducted in 500 mL round, flat bottom flasks custom
made by Ace Glass (Vineland, NJ) as specified by the author and major professor. As
shown in Figure 4.1, each flask had three threaded necks, the center neck with #7 sized
threads and two side necks with #15 sized threads. The total volume of the flasks ranged
from 505 to 560 mL. The center neck of each flask was fitted with an adapter consisting
of a 1.5-2 mm glass capillary tube and a threaded bushing with a 1.5 mm bored hole. The
capillary tube and bushing adapter was attached to the reactor through a #7 sized threaded
nylon bushing with a 7.5 mm center hole. The capillary tube portion of the adapter fit
inside the hole of the bushing and was sealed with an o-ring. The bushing was also
sealed to the reactor with an o-ring. An 11 mm Agilent long-life septa was placed
between the bushing and capillary tube to facilitate gas sampling.
One of the two larger side necks on the reactors was fitted with a solid threaded
PTFE plug sealed with an o-ring. The second side neck was fitted with an Ashcroft Test
Pressure Gauge, used to monitor gas production and determine when gas and liquid
sampling was necessary. Each Ashcroft pressure gauge (Case Type 1084) was 316
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Stainless Steel and measured from 0-15 psig with ±0.5% accuracy. The pressure gauges
were attached to the reactor using a PTFE adapter with a Swagelok connection. One end
of the fitting was #15 Ace Threads, the other ¼” NPT female threads. The threads on the
pressure gauge were wrapped with Teflon tape, the area between the pressure gauge and
adapter was sealed with silicone aquarium sealant, and the Teflon adapter was fitted with
an o-ring. Each of the reactors was pressure tested using a needle adapter to inject
nitrogen into the reactor until the pressure gauge read approximately 10 psig. All of the
fittings were checked for leaks, and pressurized reactors were incubated overnight to
verify that the pressure could be maintained. Table 4.1 summarizes all of the components
used in the reactor configuration.

Solution Preparation
All of the synthetic acetic acid solutions were prepared using 99.7 wt% Certified
ACS Plus grade glacial acetic acid (Fisher Scientific) and distilled water. Solutions were
prepared in 500 and 1000 mL volumetric flasks according to the amounts listed in Table
4.2. Nutrients were added to the acetic acid solution as recommended by Speece (1996).
Nutrient solutions were prepared so that the appropriate nutrient concentration could be
obtained by adding one milliliter of nutrient solution for every gram of acetic acid per
liter of solution. Nutrient solutions were prepared using the chemicals and amounts listed
in Table 4.3.
Additional experiments were conducted with vitamins (Fisher Scientific and
Sigma Chemical) and coenzyme M (Sigma Chemical) added to the acid and nutrient
solution. For experiments with vitamins added, 1 mL of concentrated Wolfe’s vitamin
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solution was added to 1 L of nutrient solution. The complete formulation of the vitamin
solution is shown in Table 4.4. For the experiments containing coenzyme M, 1 mL of a
0.1 g/L coenzyme M solution was added to 1 L of nutrient solution.
To control the pH of the acetic acid solution, a solution of approximately 20%
sodium hydroxide was prepared. Once the acetic acid and nutrient solution was prepared,
the pH of the acid solution was adjusted to the desired value using the sodium hydroxide
solution. All of the chemicals used to prepare the nutrient solution and the sodium
hydroxide solution were purchased from Fisher Scientific.
Experiments were also conducted using waste fermentation broth containing
nutrients, sugars, growth medium, vitamins, and waste cell materials. The waste
fermentation broth was obtained from experiments studying the production of ethanol
and acetic acid from synthesis gas. The spent medium contained different types of
nutrients and growth factors that could possibly act as a substitute for the nutrient
solution described previously. When this spent growth medium was used, only acetic
acid was added to produce a solution with a concentration of 2 g/L; no additional
nutrients were added. The pH was adjusted as described above.

Experiment Preparation
To maintain anaerobic conditions in the reactor, all experiments were prepared in
a Coy Products (Grass Lake, MI) anaerobic flexible vacuum chamber unless otherwise
noted. The vacuum chamber headspace contained a 95% nitrogen-5% hydrogen gas
mixture. To ensure that the solutions were anaerobic, the acetic acid nutrient solution
was placed in the reactor in an open container and allowed to sit in the glove bag for
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several hours. The open reactors were also placed in the anaerobic chambers along with
the necessary amount of digested sewage sludge required to inoculate the reactors. Once
the reactors and solutions were anaerobic, 20 mL of digested sewage sludge was pipetted
into the reactor. The sludge was obtained from the secondary anaerobic digester at a
municipal wastewater treatment facility, which is responsible for degrading the excess
biomass generated during anaerobic digestion of municipal waste. The secondary
digester primary degrades solids composed of cell material and other organic matter. The
complex nature of this waste promotes the growth of methanogens, acidogens (volatile
acid producers), acetogens (acetic acid producers), hydrogen utilizers and producers,
sulfate utilizers, and many other organisms (Speece, 1996). The digested sewage sludge
was obtained from the secondary digester at he Tuscaloosa, AL and the Vicksburg, MS
sewage treatment plants. During experimentation, no distinction was made between the
sources and the sludge was assumed to be similar in nature. The sludge was obtained
from different facilities simply as a matter of convenience. In addition, 250 mL of acetic
acid nutrient solution was also added to the reactors. The reactors were then sealed,
removed from the anaerobic chamber, and the pressure gauges were aligned to zero.
Some experiments were conducted with air as the headspace, and these experiments were
prepared on the benchtop rather than in the anaerobic chamber.
In order to prepare the experiments with hydrogen in the headspace, the reactors
were assembled in the anaerobic chamber as described above. Pure hydrogen was then
injected into the reactors using a syringe and needle. The pressure required in the reactor
to obtain the desired hydrogen concentration was calculated using the Ideal Gas Law.
For example, to obtain a headspace containing approximately 30% hydrogen, enough gas
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was added to increase the reactor pressure to about 6 psig. After adding the gas, the
headspace was assumed to be completely mixed, and the Teflon plug was unscrewed just
enough to release the gas and reduce the reactor pressure to between about 0-0.5 psig.
The accuracy of this procedure was tested at a hydrogen concentration of 30%, and the
headspace was analyzed using the gas chromatograph. The GC was unable to quantify
the amount of hydrogen present; however, a small negative peak was observed (as
expected), and approximately 30% of the sample was unaccounted for. As the headspace
should have only contained nitrogen and hydrogen, the missing portion of the sample was
assumed to be hydrogen.

Batch Reactor Operation
The reactors were incubated at 35°C for the entire length of each experiment. The
pressure in the reactors was monitored, and when the pressure reached 10-15 psig, gas
samples were collected using a 250 µL gas-tight Luer Lock syringe (Supelco, cat. #
509477) fitted with a 23 gauge needle 115 mm in length (Supelco, cat. # 26273-U). The
gas samples were collected by inserting the syringe into the bored hole in the bushing in
the center sample port of the reactors. The syringe was pushed in through the septa and
capillary tube into the upper headspace portion of the reactor. The sampling technique
ensured that samples were collected from the headspace of the reactor and not from the
capillary tube. Gas samples were analyzed for methane and carbon dioxide using gas
chromatography (GC).
After analyzing the gas, reactors were opened in the anaerobic chamber to release
the pressure. Liquid samples were collected for chemical oxygen demand (COD) and
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high performance liquid chromatography (HPLC) analysis, and the pH and redox of the
liquid was measured. The septa placed between the nylon bushing and the capillary tube
was changed, and the reactors were resealed, removed from the anaerobic chamber, and
placed back in the incubator. Experiments were complete when the reactor pressure (as
measured by the pressure gauge) no longer increased, indicating cessation of gas
production. At the end of the experiment, once gas production has ceased, the gas and
liquid samples were again collected and analyzed as described above.

Cell Recovery
In experiments where the sludge was reused, the reactor contents were allowed to
settle, and the upper liquid portion was decanted, leaving only the settled sludge portion
of the mixture. The volume of the remaining sludge was measured, and fresh acetic acid
nutrient solution was added to maintain the total liquid volume in each reactor at 270
milliliters. The exception to this procedure occurred with the experiments that were
agitated. Even after stirring was stopped for several days, the solid material in the
experiments did not settle. As a result, the mixture was centrifuged at approximately
4000 rpm for 20 minutes. The solid material formed a pellet in bottom of the centrifuge
tube. The supernatant in the tube was decanted, and the pellet of cell material was
recovered and reused in subsequent experiments.
Total and volatile solids were measured using EPA Methods 2540 B and E. Cell
material was placed in porcelain evaporating dishes that had been ignited at 550° C for
one hour and weighed. To measure total solids, the sample and dish were weighed and
then heated at 103-105° C for 1 hour, cooled and weighed again. This procedure was
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repeated until the weight change was less than 4% of the previous weight or 0.5 mg
(whichever was less). Volatile solids were performed by further heating the sample at
550° C for 15-20 min, cooling the sample, and weighing it. This procedure was repeated
until the change in weight was less than 4% of the previous weight or 0.5 mg.

Sample Analysis
Gas and liquid samples from the reactors were analyzed for a number of different
parameters. Gas samples were analyzed for methane and carbon dioxide using an Agilent
6890N GC with a thermal conductivity detector (TCD, Agilent model # G1563A). A
volume of 100 µL of gas was injected into the GC. The column used to separate the
methane and carbon dioxide was a Supelco 80/100 Porapak column. The column was 6’
long by 1/8” ID and made of Stainless Steel. Methane and carbon dioxide peaks were
detected at about 1.7 and 2.3 minutes, respectively. A composite peak of both oxygen
and nitrogen was detected at 1.4 minutes. The standard curves for methane and carbon
dioxide were prepared by injecting fixed amounts (10, 50, and 100 µL) of pure gas and
plotting the resulting response. The list below summarizes the operating parameters of
the GC.
•
•
•
•
•
•
•
•

Oven temperature: initially at 100°C for 3 minutes
ramped to 150°C at 25°C per minute
Front inlet temperature: 200°C
Front detector temperature: 250°C
Heater temperature: 250°C
Reference flow: 20 mL per minute
Helium make-up flow: 5 mL per minute
Column flow: 20 mL per minute
Total flow: 20.8 mL per minute
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This GC also had the capability to separate oxygen from nitrogen (Supelco column 45/60,
5A mole sieve, 10’ x 1/8” SS) and quantify the amount of each component in the sample.
However, due to operational difficulties this method was not utilized on the gas samples
collected from the batch reactors.
Liquid samples were analyzed for COD, acetic acid concentration, pH and redox
potential. Chemical Oxygen Demand (COD) analysis was completed according to Hach
(Loveland, CO) Method 8000 for the 0-15,000 mg/L range. Liquid sample was added to
COD High Range Plus Digestion Reagent Vials (#24159-25), and the vials were
incubated in a Hach COD Reactor at 150°C for 2 hours. Once the samples were
completely digested and cooled, the COD concentration in mg/L was measured using a
Hach DR/2010 Spectrophotometer.
The acetic acid concentration in the liquid samples was measured using a Waters
HPLC. Before sample analysis, each 1 mL volume of liquid sample was acidified with 45 drops of HPLC grade 85% o-phosphoric acid. Liquid samples that were not
immediately analyzed were stored in the freezer at 0°C. Just prior to analysis, liquid
samples were filtered using a 1.0 mL Luer Lock syringe (Supelco, cat. # 509485) and a
25 mm syringe filter (Fisher Scientific, cat. # 09-753-10C). Initially, the filter paper used
had a 1.0 µm pore size; however the filter paper was changed to one with 0.2-0.6 µm
pore size (Fisher Scientific, cat. # AP1502500) in order to remove more of the biomass
from the sample. The HPLC was fitted with a 4 x 23 mm guard column followed by a
Waters YMC ODS-AQ column specific for carboxylic acids. The operating parameters
of the HPLC are summarized below.
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•
•
•
•
•
•

Mobile phase: 20 mM PO4 at pH 3.5
Gradient: none
Temperature: 30°C
Flow rate: 0.7 mL/min
Injection volume: 10 µL
Detector/sensor: UV at 220 nm, 0.08 AUFS

A portable pH/mV meter was used to measure the pH and redox potential of the
liquid. The pH probe was calibrated using a three-point method with standard buffer
solution of pH 4.0, 7.0, and 10.0. The redox probe required no calibration. Table 4.5
summarizes the equipment used to measure these parameters.

pH and Redox Profiles
A series of experiments was also designed to obtain representative data for the
changes in pH and redox potential over the course of base case batch experiments. Base
case experiments include all those conducted at an initial acid concentration of 2 g/L and
pH of 7.0 with the recommended amount of nutrients and trace metals. Since it was not
feasible to determine intermediate pH and redox values for every experiment, a series of
six reactors under base case conditions were prepared and analyzed specifically for the
intermediate pH and redox data. One of the six reactors was opened on days following
day zero of the experiment, and the last reactor was analyzed once gas production ceased.
Therefore, each pH and redox data point represents data collected from a different
reactor; however, all six reactors were prepared and incubated under the same conditions.
All pH and redox measurements were collected in the anaerobic chamber with the
equipment described in the Sample Analysis section of this chapter.
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BioFlo Reactor Design and Operation
Long term, semi-continuous experiments were conducted in a New Brunswick
Scientific BioFlo 3000 benchtop fermentor. A schematic of the reactor is shown in
Figure 4.2. The total working volume of the reactor was 5 L. The unit was equipped
with a microprocessor-based temperature controller, which allowed the temperature to be
maintained at 35°C. The system pH was monitored with an on-line, liquid filled pH
probe (Mettler Toledo, part # P0720-5690, Columbus, OH). The reactor was also fitted
with a a type Pt4805-DPAS redox probe (Mettler Toledo, part # 105053335IG)
connected to a pH 2100e external transmitter unit (Mettler Toledo, Columbus, OH. The
system also had a sampler attached to a sampling tube extending to the lower portion of
the reactor. The sampler had a rubber suction bulb to allow for sample collection without
contamination. A glass screw cap container served as a sample reservoir. A removable
agitation motor mounted to the top of the reactor headplate provided an agitation rate of
100 rpm. The reactor was not continuously stirred; however, the system was agitated
when acetic acid and/or nutrients were added to the reactor.
The reactor was filled with 1,250 mL of acetic acid solution containing four times
the recommended amount of nutrients and 2,750 mL of sludge material, for a total liquid
volume of 4 L. The sludge material consisted of 1,000 mL of anaerobic digester sludge
(as used in the batch experiments) from the Tuscaloosa, AL, wastewater treatment facility
and 1,750 mL of sludge from a highly loaded industrial anaerobic lagoon treating animal
processing wastes (Bryan Foods, West Point, MS). It also contained 200 mL of bog
sediments obtained from the Cypress Swamp area of the Natchez Trace Parkway,
between Starkville, MS and Jackson, MS. After the acetic acid and nutrient solution was
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added to the reactor, the vessel was sparged with nitrogen gas to produce anaerobic
conditions. Once the vessel was headspace was analyzed via GC and determined to be
oxygen-free, the sludge material was added through silicone tubing connected to one of
the peristaltic pumps on the reactor console assembly.
The initial COD and pH of the system were about 2,300 mg/L and 5.9,
respectively. The solution was not buffered. The gas headspace composition was
analyzed in the same way as in the batch experiments. Liquid samples were centrifuged
at 4,000 rpm for 20 minutes, and the COD and acetic acid concentration of the
supernatant was analyzed as described for the batch experiments. When the COD of the
system decreased to less than 1,000 mg/L, approximately 8 mL of acetic acid were added
to the system, returning the COD to about 2,500-3,000 mg/L. Gas samples were
collected periodically using the sampling technique described previously. These samples
were analyzed for CH4, CO2, O2, and N2 using a method with the same specifications
listed for batch sample analysis. The only difference in the method was activation of a
switch valve, permitting separation of the O2 and N2 from the rest of the sample. The O2
and N2 flowed through the mole sieve column allowing for separation, identification, and
quantification. The retention times of the O2 and N2 were approximately 3.5 and 3.8
minutes, respectively.
The BioFlo unit was also used as a source of methanogens for use in batch
reactors. When needed, liquid was collected from the reactor using the sample valve and
centrifuged at approximately 4,000 rpm for 20 minutes to separate the cell material. The
supernatant was then removed from the cell pellet, and the cells were resuspended in
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distilled water to produce a total volume of 20 mL. The 20 mL of cell material was then
used in batch reactor experiments.

Data Management
All batch data was compared to an average of the base case condition
experiments. Base case represents experiments conducted with 2 g/L acetic acid and
recommended nutrient/trace metal solution, at initial pH 7.0, under a 95% N2/5% H2
headspace, incubated at 35° C. This base case was replicated a total of 69 times, and,
upon evaluation, the minimum and maximum methane yields for these experiments were
0.628 moles and 1.9 moles, respectively. However, 95% of the data fell within the range
of 0.7 to 1.37 moles of methane produced per mole of acetic acid; therefore, outliers
beyond this range were not included in the average. Other conditions varying nutrient
amendments, initial pH, temperature, agitation rate, etc., were then compared to this base
case. Initially, the standard deviations were compared, and if no overlap between
conditions occurred, the data were deemed statistically different. If overlap did occur,
then a t-test comparing two means was performed at the 95% confidence interval to
determine if the means were statistically different (Miller and Freund, 1985).

Fluorescent In-Situ Hybridization
Fluorescent In-Situ Hybridization (FISH) was performed on cell material using
16S rRNA oligonucleotide probes purchased from GeneDetect.com, Limited. The
specific probes utilized are summarized in Table 4.6. The probes utilized are bacteria
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specific for Methanosarcina barkeri, Methanosaeta concilii, and all mesophilic
methanogens. Cells were viewed using a confocal scanning laser microscope.
Cell samples were collected from 2 g/L and 20 g/L acetic acid experiments as
well as from fresh sludge obtained from the Vicksburg Wastewater Treatment Facility.
Approximately 40 mL of sludge solution was collected for each of the three different
samples and placed in centrifuge tubes. The sludge solution was centrifuged for 20
minutes at 4000 rpm and 15°C, after which the supernatant was decanted, leaving a pellet
of solid material at the bottom of the centrifuge tube. The centrifuge tubes were filled
with phosphate-buffered saline (PBS), vortexed, and centrifuged for 20 minutes at 4000
rpm and 15°C. The cells were washed a second time in PBS under the same conditions.
The PBS was replaced with fresh 4% paraformaldehyde, the cells were vortexed, and
then fixed overnight at 4°C. Fixed cell material was dehydrated at room temperature in
increasing concentrations of ethanol in xylene substitute (Citrisolve), and then in an equal
amount of xylene substitute in Paraplast wax overnight. Cell granules were embedded in
Paraplast wax, and blocks were cut with a rotary microtome into 8 µm thick sections.
The wax sections were transferred onto poly-L-lysine coated microscope slides
(Polysciences, Inc.), subbed with 1% gelatin, and dried overnight at 42°C. The slides
were deparaffinated in pure xylene substitute followed by decreasing concentrations of
ethanol in water (Rocheleau et al., 2000).
The vials containing the lyophilized oligonucleotide probes were centrifuged to
ensure that the probe was fully collected at the bottom of the vial and then reconstituted
by adding 500 µL of nuclease free water to each vial. The tube was mixed by hand and
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centrifuged a second time. A portion of the reconstituted probe was diluted with
hybridization solution (35% deionized formamide, 0.9 M NaCl, 20 mM Tris-HCl, and
0.01% sodium dodecyl sulfate) to produce a final concentration of 2.5 ng of fluorescent
labeled probe per µL of hybridization solution. A volume of 10 µL of hybridization
solution was added to each granule section, and the slides were incubated at 46°C for two
hours. The slides were rinsed with washing buffer (20 mM Tris, 0.01% sodium dodecyl
sulfate, 40 mM NaCl, and 5 mM EDTA) and incubated in washing buffer at 48°C for 20
minutes. The slides were carefully rinsed with nuclease-free water, air dried, coated with
ProLong Antifade (Molecular Probes), and covered with a glass coverslip (Rocheleau).
Fluorescent Images were aquired using a LEICA TCS NT Confocal Laser
Scanning Microscope (CLSM) utilizing a Leica, Inverted Model DMIRBE light
microscope with a PL APO 20x and 100x oil immersion Objective Lens. A FITC/TRITC
(Fluorescein/Rhodamine Filter Set) with Band Pass 530/30 and Long Pass 590 filters
were used with Excitation Wavelengths of 476,488 and 568 (Argon/Krypton Lasers). A
1024x1024 pixel Scan-Format was used.

DNA Extraction
DNA was extracted from cell material using two methods. Method 1 followed the
procedure entitled “Isolation of Genomic DNA from Gram Positive and Gram Negative
Bacteria,” included with the Wizard Genomic DNA Purification Kit (Promega Corp.,
Madison, WI). All chemicals needed to complete the extraction were included in the kit
except for the lysozyme (Sigma). Method 2 was performed using the procedure provided
with DNAzol cell lysis reagent (Invitrogen Corp., Carlsbad, CA).
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Method 1:
1.
2.
3.
4.

Add 1 mL of culture to a 1.5 mL microcentrifuge tube.
Centrifuge at 13,000-16,000 x g for 2 minutes. Remove the supernatant.
Resuspend the cells in 480 µL of 50 mM EDTA.
Add 120 µL of a 10 mg/mL lysozyme solution to the resuspended cell pellet;
gently pipet to mix.
5. Incubate at 37°C for 30-60 minutes. Centrifuge for 2 minutes at 10,000-16,000 x
g and remove the supernatant.
6. Add 600 µL of Nuclei Lysis Solution. Gently pipet until the cells are
resuspended.
7. Incubate at 80°C for 5 minutes; cool to room temperature.
8. Add 3 µL of RNase Solution to the cell lysate. Invert the tube 2-5 times to mix.
9. Incubate at 37°C for 15-60 minutes. Cool to room temperature.
10. Add 200 µL of Protein Precipitation Solution to the RNase-treated cell lysate.
Vortex vigorously for 20 seconds to mix.
11. Incubate sample on ice for 5 minutes.
12. Centrifuge at 13,000-16,000 x g for 3 minutes.
13. Transfer the supernatant containing the DNA to a clean 1.5 mL microcentrifuge
tube containing 600 µL of room temperature isopropanol.
14. Gently mix by inversion until the thread-like strands of DNA form a visible mass.
15. Centrifuge at 13,000-16,000 x g for 2 minutes.
16. Carefully pour off the supernatant and drain the tube on clean absorbent paper.
Add 600 µL of room temperature 70% ethanol and gently invert the tube several
times to wash the DNA pellet.
17. Centrifuge at 13,000-16,000 x g for 2 minutes. Carefully aspirate the ethanol.
18. Drain the tube on clean absorbent paper and allow pellet to air-dry for 10-15
minutes.
19. Add 100 µL of DNA Rehydration Solution to the tube and rehydrate the DNA by
incubating at 65°C for 1 hour. Periodically mix the solution by gently tapping the
tube.
20. Store the DNA at 2-8°C
Method 2
1. Collect approximately 50-100 mL of liquid from the Bioflo unit.
2. Vortex liquid for 5 minutes to separate cells from any extraneous detritus
material.
3. Filter liquid using 11.0 µm pore sizefilter paper.
4. Filter liquid using 1.2 µm pore size filter paper.
5. Filter liquid using 1.0 µm pore size filter paper.
6. Place liquid in 1.5 mL microcentrifuge tubes.
7. Centrifuge at 10,000 x g for 10 minutes.
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8. Using a pipet, remove most of supernatant from each centrifuge tube. Use pipet
tip to resuspend cells in remaining volume. Combine liquid from each tube into
one tube for a final volume of 1.0-1.5 mL.
9. Centrifuge at 10,000 x g for 10 minutes.
10. Gently pipet to remove most of supernatant.
11. Add 1 mL of DNAzol cell lysis reagent and gently pipet or swirl to mix.
12. Centrifuge at 10,000 x g for 5 minutes.
13. Gently pipet to remove DNAzol mixture and transfer sample to RNAse free
microcentrifuge tube.
14. Add 0.5 mL of 100% ethanol. Gently invert tube 6 times and allow to sit for 5
minutes.
15. Centrifuge at 10,000 x g for 5 minutes
16. Gently pipet to remove ethanol/DNAzol mixture.
17. Add 800 µL of 75% ethanol and gently invert 6 times.
18. Centrifuge at 10,000 x g for 5 minutes.
19. Gently pipet to remove most of supernatant and allow pellet to air try for 5
minutes.
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Table 4.1: Summary of Batch Reactor Components
Component
500 mL 3-neck, flat-bottom flask
Adapter with threaded bushing (1.5
mm ID bored hole) and capillary glass
stem (1.5-2 mm ID)
Threaded nylon bushing, 7.5 mm ID
center hole
11 mm long-life septa
#15 solid threaded PTFE plug
#15 PTFE adapter for Swagelok, ¼”
NPT threads
Ashcroft Stainless Steel test gauge,
case type 1084,0-15 psig, 3” dial, ¼”
NPT threads

Item Number
Custom
#5037-30

Vendor
Ace Glass (Vineland, NJ)
Ace Glass

#5029-10

Ace Glass

#5183-4761
#5846-48
#5844-74

Agilent
Ace Glass
Ace Glass

301084S02L

Gulf Coast Marine Supply
(Columbus, MS)
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Table 4.2: Acetic Acid Solution Preparation
Acetic Acid Concentration, g/L
2
4
6
8
12
15
20
40

mL Acetic Acid / L of Solution
1.91
3.82
5.73
7.64
11.46
14.33
19.10
38.21
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Table 4.3: Nutrient/Trace Metal Solution Preparation (Speece, 1996)
Compound
NH4Cl
KH2PO4
Na2S2O3-5H2O
CaCl2-2H2O
MgCl2-6H2O
FeCl2-4H2O
NiCl2-6H2O
CoCl2-6H2O
ZnCl2

g/L of solution
12.608
0.439
2.554
0.477
0.151
0.0819
0.0162
0.0121
0.0417
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Table 4.4: Wolfe’s Vitamin Solution Formulation
Component
Biotin
Folic Acid
Pyridoxine hydrochloride
Thiamine-HCl
Riboflavin
Nicotinic Acid
Calcium D-(+)-pantothenate
Vitamin B12
p-Aminobenzoic acid
Thioctic acid

Amount (mg/L)
2.0
2.0
10.0
5.0
5.0
5.0
5.0
0.1
5.0
5.0
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Table 4.5: Description of pH and Redox Potential Analysis Equipment
Item
Accumet AP62 portable
pH/mV meter
Accu-TupH pH rugged bulb
pH combination electrode
Accumet platinum/Ag/AgCl
combination electrode for
ORP testing

Item Number
13-636-AP62A

Vendor
Fisher Scientific

13-620-181

Fisher Scientific

13-620-81

Fisher Scientific
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Table 4.6: Description of GeneDetect.com, Limited 16S rRNA
Oligonucleotide Probes
Product #
GD2438-OP
GD2434-OP
GD2513-OP

Description
Methanosarcina barkeri 16S rRNA
GreenStar*™ FITC10
Methanosaeta concilii 16S rRNA
GreenStar*™ Biotin10
Universal mesophilic methanogens
GreenStar*™ Rhodamine10
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Gauge
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Port

8 9
10
67
5
11
4
12
3
13
2
14
1
15

Teflon Cap

Figure 4.1: Diagram of Batch Reactor System

Teflon
Adapter
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Figure 4.2: Diagram of New Brunswick Scientific BioFlo 3000 Reactor System

CHAPTER V
RESULTS AND DISCUSSION - BATCH FERMENTATION
Nutrient Solution Composition
Methanogens require certain nutrients and trace metals for substrate degradation.
Since the inoculum used in this work was obtained from an active anaerobic digester, it
was necessary to determine and assess if nutrient/trace metal supplementation was
required to prevent this system from becoming nutrient-limited. Therefore, experiments
were conducted to evaluate the residual nutrient composition in the sludge and how acetic
acid degradation and methane production were impacted by nutrient composition. All
experiments utilized a 2 g/L acetic acid solution adjusted to an initial pH of 7. The four
experimental conditions evaluated were 1) the addition of no additional nutrients (relying
on the residual nutrients present in the sludge), 2) the addition of nitrogen and
phosphorus sources only; 3) the addition of nitrogen, phosphorus, cobalt and iron sources
only; 4) and the addition of the complete nutrient solution, containing all of the
ingredients in Condition 3 plus sources of sulfur, calcium, magnesium, nickel, and zinc
(see Methods and Materials, Chapter 4, for the exact nutrient solution formulation). The
amount of each component added was based on recommendations by Speece (1996).
Methane production was monitored by recording the pressure in each reactor.
The experiment was deemed complete when the pressure was no longer increasing,
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indicating cessation of gas production. Figure 5.1 illustrates how the pressure in each of
the experiments changed over time. As shown in the graph, the experiments containing
no additional nutrients produced less gas, as evidenced by the lower pressure obtained in
the reactor. Adding nitrogen and phosphorus sources appeared to increase the gas
production, with the addition of trace metals further increasing the gas production. Due
to variation in biological systems, the difference between Conditions 3 and 4 cannot be
quantified by these results. However, it was determined that the complete nutrient/trace
metal formulation would be used since it was previously reported to be the optimum
formulation (Speece, 1996).
The effect of nutrient/trace metal composition on the degradation of acetic acid
can also be illustrated by comparing the gas yield for each of the experiments. Figure 5.2
shows the ratio of moles of total gas produced (methane and carbon dioxide) per mole of
acid consumed. As the nutrient additions increased from none to the complete solution,
the gas yield increased about 19%, from 0.83 to 0.99 moles of gas produced per mole of
acid consumed. The methane yield also increased by about 19%, from 0.8 to 0.95 moles
per mole of acetic acid. In calculating the methane yield and total yield, it was assumed
that all of the acetic acid was consumed. This approximation was deemed valid because
the final COD of the liquid was less than 1,000 mg/L, a similar COD value for a control
experiment that contained biomass but no acetic acid. The exact effect of biomass on the
COD varied depending on how well the biomass settled in the reactors; however, any
COD less than 1000 mg/L was attributed to biomass in the sample. Additionally, the
accuracy of the COD analysis is ±100 mg/L; therefore, COD values of less than 1000
mg/L were assumed to correspond to complete acetic acid degradation.
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Literature suggests that the theoretical gas yield for aceticlastic methanogenesis
should be one mole of carbon dioxide and one mole of methane produced for every mole
of acetic acid consumed (Ferry, 1992). These experiments produced close to the
expected yield of methane but very little carbon dioxide was detected. The absence of
carbon dioxide gas was likely a result of the high pH, which increased from 7 to about 8
during the length of the experiments. At higher pH values, carbon dioxide will form
carbonates that dissolve in water, and little CO2 is detected by GC. Figure 5.3 shows the
carbonate system as a function of pH (Snoeyink and Jenkins, 1980). The methane
produced in these experiments could have been produced either directly via acetate
metabolism or via the carbon dioxide and hydrogen (unicarbonic) pathway. The data
collected in these experiments does not allow for any conclusions regarding the pathway
for methane formation; however data regarding this issue are discussed later in this
chapter. Results from additional experiments designed to recover the CO2 produced in
these systems and evaluate the carbon mass balance are also discussed.
Approximately 97% of the total gas detected in GC analysis of these experiments
was attributed to the methane produced, while only 3% was carbon dioxide. Figure 5.4
shows the volume of methane and carbon dioxide produced when converted to ambient
temperature and pressure (25°C and 1 atm pressure). The volume of methane produced
increased by about 17% once nitrogen and phosphorus were added, and the methane
production increased an additional 13% upon the addition of trace metals, for a total net
increase of 30%.
COD reduction was also affected by the nutrients present in the solution, as
shown in Figure 5.5. The average initial COD for these experiments was 2,910 mg/L.
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After eighteen days, the average COD values of the experiments containing no additional
nutrients and nitrogen and phosphorus only were 1,050 and 1,025 mg/L, respectively.
The experiments containing trace metals in addition to nitrogen and phosphorus had
average COD values of 545 and 670 mg/L, respectively. Experiments containing no
nutrients and nitrogen were able to degrade the acetic acid because micro- and
macronutrients were likely present in the digested sludge used as the source of biomass.
However, it is clear that the addition of nitrogen and phosphorus as well as trace metals
improved the ability of the system to degrade the COD in the system (resulting from
acetic acid).
The pH and the redox potential of the liquid were measured during the course of
the experiment. The average initial pH of these experiments was 7.24. Over the course
of the experiment, the pH increased to an average of 8.09. The redox potential decreased
from an average of –182 mV to –311 mV, a valid indication that the experiments were
able to achieve appropriate anaerobic conditions as described in the Literature Review
(Chapter 2).
To determine if higher substrate concentrations impacted nutrient requirements,
the effects of the different compositions of nutrient solutions were repeated with
experiments having an acetic acid concentration of 8 g/L. Similar results were achieved
at the higher acid concentration, although the higher acid concentration increased the
time required for degradation of the acetic acid to an average of 67 days (2 g/L
experiments required 10-15 days). The addition of nitrogen, phosphorus, and trace
metals increased the total gas yield from 0.89 to 0.95 moles. The addition of the
complete nutrient solution also slightly improved the COD reduction from an average of
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1,180 mg/L with no added nutrients to an average of 725 mg/L. The pH and redox
potential showed similar trends, with the pH increasing from an average of 7.41 to 8.42
and the redox potential decreasing from an average of –123 mV to –409.5 mV over the
length of the experiment.
It is well documented that pure and enriched cultures of methanogens require
specific amounts of nitrogen, phosphorus, iron, cobalt, and other trace metals (Jarrell and
Kalmokoff, 1988; Speece, 1996). Zinc has been identified as being especially important
in the activation of coenzyme M, identified as a unique intermediate key to
methanogenesis (Sauer and Thauer, 2000). The purpose in varying the nutrient solution
compositions was to determine if the secondary anaerobic digester sludge used as the
source of methanogens for these experiments contained sufficient quantities of nutrients
and trace metals to sustain methane production.
As shown by the results, the secondary digester sludge used in these experiments
does not contain enough nutrients and trace metals to sustain maximum gas production
within these systems. Upon the addition of additional nitrogen, phosphorus, and trace
metals, methane and total gas production increased by almost 20%. Comparison of the
methane yield produced by no addition of nutrients/trace metals to that produced by
addition of the complete nutrient/trace metal formulation revealed that the two treatments
are not statistically different at the 950% confidence interval but are different at the 90%
confidence interval. In addition, the COD reduction improved from over 1000 mg/L to
about 500 mg/L upon the addition of the nutrient/trace metals solution. Some of the
nutrients required for methanogenesis were likely present in the digester sludge as shown
by the fact that methane was produced in experiments with no additional nutrients or
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trace metals. It is possible that one of the key trace metals was limited or absent in the
sludge and addition of this component increased the methane yield. A more thorough
analysis of the nutrient and trace metal composition of the sludge is needed to determine
exactly what factor is limiting. Based on these results, all subsequent experiments were
conducted with at least the recommended formulation to prevent the systems from being
nutrient-limited.

Controls, pH Profiles, and Base Case Results
Due to the limited number and availability of microcosms, controls were not
conducted with every set of experiments, but instead were performed periodically under
two different sets of conditions. Experiments were prepared containing acetic
acid/nutrient/trace metal solution with no cell material, as well as with distilled water and
cells only (no acetic acid). In both cases, no gas production was ever observed in any of
the control runs. No gas production was expected from the system containing no
inoculum; however, it was thought that some methane would be produced by degradation
of substrate in the sludge. Since no gas production was observed without the addition of
acetic acid, it appears that metabolism of sludge components did not contribute to the
methane or total gas yield.
In order to characterize the pH and oxidation/reduction potential changes in these
systems over the entire length of methane production, one of a series of reactors was
opened on a specific day, and pH of the liquid was measured. This profile was
determined for experiments with both an initial pH of 7.0 and 4.5. Combining the data
points yielded a curve describing how the reactor pH changed over the length of the
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experiment, as shown in Figure 5.6. As indicated by the pH 7.0 data, the initial pH was
7.0, and, over the course of nine days, increased to 7.88. The pH 4.5 experiments
extended over a longer period due to differences in the time before gas production began
in each of the experiments. As shown in the figure, the lower initial pH allows for the
system pH to remain below 7.0 over the entire incubation period. These pH profiles were
generally representative of all experiments at these given conditions. Similarly, the
change in the redox potential was monitored; however, once it was believed that the
residual oxygen was removed from the reactors (through incubation in the anaerobic
chamber), the redox quickly dropped to below –300 mV and remained at that value for
the entire length of methane production (little to no oxygen should have been present in
the system, as all experiments were prepared in the anaerobic chamber; however,
facultative aerobes likely present in the inoculum would have the ability to remove any
oxygen that may have been present). Additionally, these pH and redox potential values
are in line with the final values observed with all of the experiments conducted under
these conditions.
Experiments conducted at an initial acid concentration of 2 g/L and pH of 7.0
with the recommended amount of nutrients/trace metals served as the base case of
experimental conditions to which other experiments are compared. The average methane
and total gas yields for the experiments conducted under these conditions were
approximately 0.95 moles and 0.98 moles per mole of acetic acid, respectively. This
average reflects the results of 65 different experiments (see the Methods and Materials,
Chapter 4, for the statistical analysis used to obtain this average). Additionally, total and
volatile solids analysis was performed on 19 samples the cell material used in the
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experiments. An average cell concentration of 0.96 ± 0.49 g cells per L was determined
using the TSS and VSS results. Based on this cell concentration, methane production can
be estimated at 0.025 ft3 per gram (dry weight) of cells.

Carbon Dioxide Recovery
As discussed previously, in aqueous systems at neutral pH, carbon dioxide is
converted to soluble carbonates, which are not detectable within the headspace via GC.
The acidification procedure described in Methods and Materials (Chapter 4) was used to
convert any carbonates present in the reactor system into carbon dioxide. Upon
acedification, the carbonates are converted to carbon dioxide, which evolves out of
solution into the gas phase where it can be analyzed via GC. The goal of this procedure
was to evaluate the inorganic carbon mass balance, thus and better quantifying carbon
dioxide production and fate. First, the amount of carbonates present in the sludge prior to
use in experimentation was quantified. A complete experiment was prepared (acetic
acid/nutrient/trace metal solution and cells), but before gas production began, the reactor
mixture was acidified. No change in reactor pressure after acidification indicated that no
CO2 was evolved, and it was determined that little to no carbonates were present in the
sludge as obtained from the municipal digesters.
The same acidification procedure was used to release the CO2 formed during gas
production in experiments with an initial pH of 7.0 and 4.5. In this case, the experiment
was allowed to run until gas production ceased, and the mixture was then acidified (to a
final pH of less than 3) to convert the carbonates to carbon dioxide. Both the pH 7.0 and
4.5 experiments resulted in recovery of about 0.5 moles of carbon dioxide per mole of
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acetic acid initially added. Theoretically, one mole of carbon dioxide should have been
produced. The acidification procedure should have converted most of the carbonates to
CO2. Given the solubility of carbon dioxide in water (about 1.75 g/100 g water at 25° C),
and that the solubility would be increased by the pressure exerted by the gaseous CO2 in
the closed reactor, some of the CO2 likely remained dissolved in the aqueous phase as
CO2 (aq) and carbonic acid, explaining why the yield is low. Some of the CO2 also could
have been converted to CH4 via the unicarbonic methanogens. The corresponding
methane yields for these experiments were lower (average 0.83 moles of methane per
mole of acetic acid) as compared to the base case experiments, but were still within an
expected range considering the standard deviation. Lower methane yields were probably
the result of deficiencies in the cells due to age or a lack of some nutrient or other
supplement, and this deficiency could also result in decreased CO2 yields. While the
carbon balance was not completely closed, these experiments do show that carbon
dioxide is produced in conjunction with methane, but the carbon dioxide is not detectable
via GC due to the formation of carbonates in the aqueous phase.

Nutrient Solution Amounts
The next series of experiments were designed to evaluate the impact of increasing
the nutrient dose added to the experiments. Experiments conducted included adding 1, 2,
and 4 times the recommended amount of nutrients and trace metals as suggested by
Speece (1996). Figure 5.7 illustrates how the amount of nutrients added affected the
reactor pressure in experiments with an initial acetic acid concentration of 8 g/L. As
shown in the graph, the addition of 2 times and 4 times the recommended amount of
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nutrients resulted in a faster increase in the reactor pressure. It is important to realize
here that the data on the graph showing the pressure dropping to zero corresponds with
reactor sampling, including opening the system to analyze the liquid. Because the
pressure gauges only read up to 15 psig, at a concentration of 8 g/L acetic acid, the
reactors had to be opened to release the pressure as it approached 15 psig. Figures 5.8a,
b, and c show how nutrient dosage affected the pressure increase in the experiments over
more specific time intervals. Figure 5.8a represents the pressure increase prior to the first
pressure release. As shown by the data, the experiment containing four times the
recommended amount of nutrients reached the maximum pressure in about 10 days as
opposed to the experiment with the recommended amount, which took about 18 days. As
the experiments progressed, the four-fold increase in nutrients and trace metals continued
to outperform the other two experiments, requiring the second pressure release after only
18 days as opposed to over 30 days for the experiments with the recommended amount.
In total, the experiments containing 4 times the recommended amount of nutrients were
complete in about 30 days, while the two-fold increase required about 43 days, and the
experiments with the recommended amount of nutrients were still incomplete after 65
days.
Figure 5.9 shows the COD reduction for each of the nutrient doses. Ultimately,
the final COD values for each of the experiments were comparable, at 650, 675, and 935
mg/L; however, the time required to achieve the COD reduction decreased considerably
as the nutrient dose increased. The pH and redox potential data for these experiments
were very similar to the data for the 8 g/L acetic acid concentration experiments
performed using different nutrient solution compositions.
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To further evaluate the impact of nutrient dosing on methane production, the
amount of nutrients added was increased to 10 times the recommended amount. Figure
5.10 shows how the four different dosing schemes compared in terms of the increase in
reactor pressure per day. Averaging the results of multiple experiment replications
showed that increasing the nutrients ten-fold does not improve reactor performance over
the four-fold increase, but actually appears to slightly impede reactor performance.
Further comparison of the estimated gas yields from the 2, 4, and 10 times increase in
nutrients in Figure 5.11 shows that the 10-fold increase actually reduces the methane and
total gas yields.
In addition to COD, the liquid from these experiments was also analyzed using
HPLC to determine the acetic acid concentration, and these data are shown in Figures
5.12a and b. The HPLC data verified the results from COD analysis, as the final average
acid concentration was 0.19 g/L for the 4X experiments and 0.17 g/L for the 10X
experiments.
It can be seen from the data presented in Figures 5.8a, b, and c as well as in
Figure 9 that the addition of 2 times, 4 times, and 10 times the recommended amount of
nutrients and trace metals improves reactor performance in terms of reducing the length
of time required to complete experiments with a high initial acetic acid concentration.
While the final COD values are comparable, the amount of time required to achieve this
COD reduction can be reduced by as much as half by quadrupling the amount of nutrients
and trace metals present. Further comparison of the data reveals that, while the four-fold
increase produced the highest yield, there is no significant difference when compared to
the yield resulting from a two-fold increase in nutrients and trace metals. The only
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noticeable advantage of a four-fold increase over a two-fold increase is the reduction in
time required to complete the experiment. This is beneficial to large-scale operation
because it reduces the residence time of the liquid in the reactor (resulting in reduced
reactor volumes) and increases the rate of methane production.
As shown by the data, increasing the total nutrient addition by ten-fold had a
detrimental effect on biogas production, decreasing the yield to less than theoretical. The
decrease in gas production rate and methane yield resulting from the ten-fold increase in
nutrients was not unexpected, as earlier research has shown that, if present in high
enough concentrations, potassium and ammonia can inhibit the conversion of acetic acid
to methane (van den Berg et al., 1976).
The results from these experiments suggest that doubling or quadrupling the
nutrient and trace metal additions could help optimize the production of biogas from a
high-concentration acetic acid wastewater stream resulting from the production of ethanol
from synthesis gas. The costs of additional nutrient and trace metal additions would need
to be compared with the operating costs associated with longer reactor operation in order
to determine which of the options is most cost effective.

Acetic Acid Concentration
Due to the conflicting information found in the literature, this study also
investigated the effect of acetic acid concentration on methanogenesis. Some research
has shown that high concentrations of acetate can be inhibitory to methane production.
Yang and Okos (1987) calculated the optimum acetate concentrations for
Methanosarcina barkeri strains 227 and MS and Methanosarcina mazei strain S6 to be
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3.6, 6.8, and 7.0 g/L respectively. They concluded that depending on the strain of
bacteria, methanogens might require a longer adaptation period or could be completely
inhibited by high acetate concentrations. Studies performed with Methanothrix suggest
that it is not affected by high concentrations of acetate. Huser et al. (1982) reported that a
pure culture of Methanothrix soehngenii showed no inhibition at acetate concentrations
up to 2.5 g/L. Van den Berg et al. (1976) reported similar results using an enriched
culture of methanogens and concluded that high acetic concentrations are not toxic to the
methanogenic bacteria. Duarte and Anderson(1982) suggest that the unionized volatile
acid concentration is what actually inhibits methanogenesis. They report that an
unionized volatile acid concentration of about 10-25 mg/L is detrimental to methanogenic
processes.
For this study, the initial acetic acid concentration was varied from 2 g/L to 40
g/L. With all concentrations, methane production was observed; however, as the acid
concentration increased, the time preceding the onset of gas production also increased.
This time before observation of gas production was deemed the lag period, the length of
time required before the reactor pressure gauge began to register gas production. Figure
5.13 shows the pressure profile for an 8 g/L acid system, and the time frame highlighted
in the figure is an example of the designated lag period. These lag periods likely occur as
a result of the organisms acclimating to the high acetic acid concentration and/or other
factors within the test ecosystem. Cells obtained from one environment and transferred
to another environment of different conditions often require an acclimation period before
substrate utilization begins. The acclimation period can be prompted by a change in
substrate concentration, substrate type, pH, temperature, an ineffective consortium make-
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up, or a number of other environmental conditions. During the acclimation period, the
cells are adusting the microenvironment by altering membrane structures, building
proteins, and making other adaptations in order to accommodate the change in
environment. Listed below are the average lengths of the lag periods for the different
acetic acid concentrations tested.
Acetic Acid Concentration, g/L
2
8
12
15
20
40

Length of Lag Period, Days
2.0
3.4
6.0
11.0
8.2
22.0

The highest acetic acid concentration experiments did show some signs that
methanogenesis was temporarily inhibited. Figure 5.14 presents a 20 g/L experiment that
exhibited about a 30-day lag phase approximately 60 days into the experiment.
Experiments conducted at lower acid concentrations did not exhibit a lag period once
methane production began. Eventually, methanogenesis resumed at the expected rate;
however, this lag period may indicate some temporary inhibition due to elevated acetic
acid concentrations, or possibly the accumulation of some other inhibitory compound
produced by other organisms in the consortium.
Experiments conducted at 40 g/L also showed slow methane production rates, and
after over 600 days of operation still had not completely degraded the acetic acid. Figure
5.15 shows the reactor pressure data for the two experiments conducted at 40 g/L. As the
reaction proceeded, it took longer for the reactor pressure to increase. Gradually, the
time between sampling increased from about 20 days to 40 days, then to 60 days, and in
recent weeks, to over 100 days. The increase in time between sampling indicates a
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decrease in the gas production rate. Figure 5.16 shows the average acetic acid
degradation in these two experiments over time as measured by HPLC analysis. This
data also reflects the decrease in substrate utilization, as analysis revealed only a 7%
decrease in the acetic acid concentration in over a 100-day time span.

In contrast, it

required only about 40 days to decrease the acid concentration by over 40%, from 40 g/L
to less than 25 g/L. Despite the little change in acetic acid concentration during the 100day period, the experiments continued to produce gas which was predominantly methane.
This occurrence suggests that additional acetic acid or possibly other compounds, (that
the HPLC was not calibrated to detect) may have been produced by organisms in the
system. Methane production continued because any other organics in the system would
have been degraded to acetic acid by acetogens before methanogenesis took place. If the
acetic acid production and degradation rates were similar, little to no net decrease in
acetic acid would be detected. It is also possible that accumulation of other compounds,
such as higher order acids and alcohols, could have caused the decrease in gas production
rates by inhibiting the methanogens, acetogens, or other organisms active in the system.
Additionally, the system could have been affected by the nutrient profile. Nutrients are
added based on the amount of acetic acid initially in the system. Therefore, the entire
amount of nutrients/trace metals required for degradation of 250 mL of a 40 g/L acetic
acid solution were added to these systems at the beginning of the experiment. The large
amount of nutrients added initially could have caused some inhibition, or over time, the
excessive acetic acid concentration could have accelerated the consumption of some key
nutrient, trace metal, or vitamin. Finally, the growth rate of the cells may not have been
sufficient to maintain the higher gas production rates over time.
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While methane production was achieved with all of the acetic acid concentrations
tested, the extended time associated the highest concentrations provides evidence that
treatment of the high concentration wastewaters may be impractical. However, The
proposed ethanol production process should produce a stream containing 2-5 g/L of
acetic acid, which based on these results, should be reasonable for anaerobic digestion.
The increasing lag period associated with higher acid concentrations (10+ g/L) would
greatly increase the retention time in a large-scale reactor. Noticeable success was
achieved by decreasing the amount of time required for substrate degradation by adding
additional nutrients to the higher concentration wastewaters; however, acetic acid
production should be minimized as ethanol production is optimized. As a result, acid
concentrations greater than about 5 g/L should likely be the result of short-term process
upsets, rather than a regular, long-term occurrence. This work has shown that an
anaerobic digester system can efficiently process acetic wastewater streams with
concentrations ranging from 2-8 g/L. At the higher end of this range, additional nutrients
should be added to the system in order to maintain a shorter hydraulic residence time.
Although streams containing as much as 20 g/L and 40 g/L acetic acid do not completely
inhibit methanogenesis, they do exhibit lag periods that could be the result of acclimation
or promote the production of other (possibly inhibitory) compounds by other organisms
in the system.

pH
The goal of these experiments was to evaluate how the initial pH of the reactor
system affects biogas production; therefore, the data reflect the results of a series of
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experiments containing a 2 g/L acetic acid and nutrient solution with adjusted to an initial
pH of 4.5, 7, or 9. The acid solution was not buffered, and the reactor system was
allowed to control the pH on its own with no auxiliary pH control attempted.
Figure 5.17 presents examples of the reactor pressure profile for each of the
different pH levels. As shown in the figure, the experiments with an initial pH of 4.5 and
7.0 performed comparably by reaching their maximum pressure in about thirteen days.
However, the experiments with an initial pH of 4.5 continued to produce gas for an
additional 5-15 days beyond that of those with an initial pH of 7.0. Experiments with an
initial pH of 9.0 showed a significant lag period prior to initiating gas production and
required over 40 days to complete. The experiments with an initial pH of 4.5 did exhibit
a longer lag period before beginning gas production. On average, an initial pH of 4.5
required 19 days to commence gas production; however this lag period varied from as
little as 3 days to as many as 56 days. Comparatively, the experiments with an initial pH
of 7.0 had an average lag period of less than 2 days. The lag period was likely the result
of the dramatic drop in system pH. Most anaerobic digesters are operated at a neutral pH,
and the pH of the fresh sludge material was measured to be at or near neutral. When the
cells were transferred to a system with an acidic pH, they had to acclimate to new
environment before any gas could be produced. The variation in the length of the lag
period observed in the pH 4.5 experiments was also likely due to acclimation. As cells
were reused in subsequent experiments, less time was required for gas production to
begin because the organisms were already accustomed to producing gas in a low pH
environment. It is expected that subsequent utilization of the biomass from the low pH
experiments would eventually eliminate the lag prior to gas production.
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The initial pH of the acid solution had a noticeable effect on the final pH of the
system, as shown in Figure 5.6. An initial pH of 4.5 resulted in a final pH of about 7.0,
while an initial pH of 7.0 or 9.0 resulted in a final pH of about 8. The system pH most
notably impacts the composition of the biogas. Figure 5.3 shows the distribution of
carbonic acid, carbonate, and bicarbonate as a function of the system pH. At pH values
less than about 5, carbon dioxide exists in solution as a mixture of primarily gas with
some carbonic acid. As the pH increases to neutral and above, almost all of the carbon
dioxide is converted to carbonate and/or bicarbonate (Snoeyink and Jenkins, 1980). In
these experiments, a lower system pH prevents the production of carbonates and allows
for more carbon dioxide to remain in the gas headspace and detectable via GC.
The most noticeable impact of lowering the initial pH of the system is evident
upon review of the gas yields achieved in the system. Figure 5.18 compares the total gas
yield for each of the different pH levels. When the initial pH was 4.5, the average total
gas yield increased by over 70% as compared to experiments at an initial pH of 7.0. This
increase is due more CO2 remaining in the headspace at lower liquid pH values. Even
more significant, however, is the increase in the methane yield when the initial pH is 4.5.
The lower initial pH increased the methane yield by an average of 28%. The theoretical
yield for methanogenesis from acetic acid is 1 mole each of methane and carbon dioxide
per mole of acetic acid. On average, the experiments with an initial pH of 4.5 produced
over 1.2 moles of methane per mole of acetic acid consumed. Alternatively, 0.035 ft3 of
methane was produced per gram of cells, a 40% increase over the base case results. The
increase in methane yield is also likely due to the increase in aqueous carbon dioxide at
lower pH. When more aqueous carbon dioxide was available in the system at the lower
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pH, the methanogens that utilize carbon dioxide and hydrogen (present in the system
from the anaerobic glove bag) in turn produced additional methane via the unicarbonic
pathway.
The acid concentration in the liquid phase was monitored using both COD and
HPLC analysis. The COD reduction was similar for each of the three pH conditions
tested. Figure 5.19 shows that the initial COD for each of the experiments varied from
about 2,900-3,600 mg/L, while the final COD was between 500-650 mg/L. The
experiments with initial pH values of 4.5 and 7 performed comparably by reducing the
overall COD to about 500 ppm, which corresponds to an acetic acid concentration of less
than 200 ppm. Tables 5.1a and 5.1b summarize the complete results of these experiments
as discussed above.
The data collected from these batch system experiments show that utilizing an
influent with a pH of 4.5 (resulting from the presence of acetic acid) increases the
methane yield and total gas yield by 30% and 80%, respectively. Additionally, the
methane yield at the low initial pH is 30% above the expected yield for this process.
These findings are contradictory to most previous research ascertaining that
methanogenesis requires a pH range of 6.0-7.0, but does coincide with limited research
findings suggesting that some methanogens prefer a more acidic pH. Additionally, these
results are consistent with observations of methane production within acidic peat bogs, as
discussed in the Literature Review (Chapter 2). These results are also supported by
previous work using activated sludge from a digester processing potato wastes to degrade
pulp industrial waste waster (Jain and Mattiasson, 1998). Experiments were conducted
by gradually lowering the operating pH from 7.0 to 4.0 in 0.5 unit increments to obtain
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master cultures for each of the different pH values. Acclimated cultures transferred to a
second digester at constant pH exhibited a 2-3 day decrease in methane production,
followed by an increase after the short lag period. This work also reported an increase in
methane yield of 10-12% at pH values from 4.0-5.0. This research and previous work
show that methanogens have the capability to adapt to low pH environments; however,
because both cases utilized mixed cultures, it cannot be determined from this work
whether the acetate utilizing organisms adapted to the low pH, or the population of
methanogens shifted to mainly include additional species or genera that prefer a lower
pH. There is also published literature reporting that some strains of Methanosarcina
grow best at pH values as low as 4.3 when grown on H2 and methanol, supporting the
claim that the Methanosarcina organisms in our mixed culture could have adjusted to the
low pH (Maestrojuan and Boone, 1991). Future work in this area should include using
DNA extraction and gel electrophoresis to determine the population distribution in a
mixed culture as a function of reactor pH.
The increase in methane yield observed in these experiments is likely due to both
an increase in the aqueous carbon dioxide as well as the combined effects of the
autotrophic and the heterotrophic methanogens present in the consortium. With an intial
unbuffered pH of 4.5, the methanogenic conversion of the acetic acid substrate resulted in
a final pH of about 6.79. In comparison, the system with an initial unbuffered pH of 7.0
had a final pH of 8.11. The difference in the system pH range has a significant effect on
the distribution of the carbonate system. At the lower intial pH, carbon dioxide is less
soluble in the form of bicarbonates in the liquid phase. As a result, the carbon dioxide
gas distributes between the aqueous and gas phases, producing a two-fold effect on
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biogas production: 1) more carbon dioxide remains in the gas phase, increasing the total
gas yield; and 2) the aqueous carbon dioxide in the liquid phase is available for
conversion to methane by the autotrophic methanogens. The accepted pathway for the
autotrophic formation of methane from carbon dioxide involves coenzyme M, as well as
two other cofactors that serve as carriers for C1 units (Jones et al., 1985). Carbonate and
bicarbonate are not listed as participants in this pathway, and after extensive review of
the literature, it is unclear whether methanogens can directly metabolize carbonate or
bicarbonate for the production of methane. This aspect of methanogenesis is also worth
of further investigation.
Bhadra et al. (1984) noted the importance of dissolved CO2 to methane
production after obtaining biogas containing more than 60% methane.
Stoichiometrically, biogas should contain 50% methane and 50% carbon dioxide, and the
10%+ increase in methane was attributed to the conversion of CO2 into methane. Bhadra
et al. (1984) also postulated a new mechanism predicting that the reduction of CO2 to
form methane is an intracellular occurrence that contributes up to 28% of the total
methane produced. Their mechanism suggests that the portion of CO2 that gets reduced
to methane is not in the free state, but reacts with cells to produce an intermediate
complex that is reduced intracellularly to methane. Previously accepted mechanisms
predicted that all of the CO2 becomes free, a portion reacts with coenzyme M, and is then
reduced to methane.
Horn et al. (2003) reported that in acidic peat bogs, CH4 was produced mainly
through the conversion of H2 and CO2, rather than via the aceticlastic pathway often seen
in pH-neutral environments. Based on these experiments and other reports, it can be
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hypothesized that the autotrophic methanogens prefer a more acidic pH, while the
heterotrophic methanogens dominate gas production at a more neutral pH (Maestrojuan
and Boone, 1991; Jetten et al., 1992). The predominance of the autotrophic methanogens
and inhibition of acetoclastic methanogens at low pH is likely a direct result of the
unionized acetic acid concentration. When the extracellular pH is below 4.7,
undissociated acetic acid is present in much higher amounts and can permeate the cell
membrane. Once the acid enters the cell, where the pH is presumably close to neutral, it
causes a decoupling of the membranous proton motor force. The combination of the
decrease in intracellular pH and the decoupling of the proton motive force can destroy the
cell. It is also possible that in acidic environments, the acetic acid is oxidized by acetateoxidizing anaerobes to CO2 and H2 and then converted further by hydrogenotrophic
methanogens, resulting in the indirect production of methane from acetic acid (Horn et
al., 2003). Regardless of which pathway occurs, the additional mechanisms observed in
low pH environments is the most plausible explanation for the 30% increase in methane
production in our pH 4.5 experiments.
The results of our experiments clearly show that a mixed culture of methanogens
has the ability to acclimate to a lower pH environment. Most notably, a reduction in the
initial pH (from neutral to 4.5) of a batch system supporting methanogenesis increases
methane yield. Statistical analysis revealed that the methane yield produced in
experiments with an initial pH of 4.5 is significantly different that the methane yield
obtained when the initial pH is 7.0. These findings show that in addition to being an
effective method for wastewater treatment, methanogenenic digestion has the potential to
be an even more significant source of methane. Implementation of these results could
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have a considerable impact on improving and expanding the utilization of methanogenic
digesters to convert municipal, industrial, and agricultural wastes to fuel. The
considerable impact these results could have on the understanding and operation of
methanogenic process prioritized further experimentation using a low pH system, the
results and discussion of which are presented in Chapter 6.

Cell Acclimation/Maturation
At the completion of some experiments, the liquid was decanted from the reactor,
leaving the solids to be reused in subsequent runs under the same conditions. The goal of
these experiments was to evaluate the impact of repeated use of the same cell mass. In
each case, the total volume of cell mass was measured, and fresh acetic acid and nutrient
solution was added to the reactor in order to maintain a constant headspace and total
liquid volume over the series of experiments. For these experiments, a 2 g/L acetic acid
solution containing the complete nutrient solution adjusted to an initial pH of 7 was used.
A series of six experiments was completed using the same cell mass.
Figure 5.20 compares the reactor pressure for each of the six experimental runs.
As shown in the figure, with each successive run, the amount of time required to
complete the experiment decreased. For this series of experiments, the fresh cells
required 16 days to convert the acetic acid to methane and carbon dioxide; however, by
the fifth run, the time required for the experiment had reduced to 8 days. These data
shows that the cell material does require an acclimation period to adjust to these specific
experimental conditions, and with repeated use, is able to more quickly utilize the acetic
acid. Evaluation of the COD data, shown in Figure 5.21, shows the same trend, as
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approximately the same COD reduction was obtained with each successive experiment,
but after five runs, the time required for this reduction had decreased by half. By the
sixth run, however, the time required to degrade the acetic acid had returned to 16 days,
indicating that the age of the cell material, the build-up of some inhibitory compound(s),
or the lack of some key growth factor(s) adversely impacted the acetic acid degradation
rate. In addition, the final COD measured after the sixth run was almost 800 mg/L, the
highest final COD of all the runs in this set.
Initial evaluation of these results seems to suggest that repeated use of the cell
material, up to a certain extent, improves reactor performance by reducing the amount of
time required to convert the acetic acid to biogas. When comparing the experimental
yields for each run in this series of experiments, reactor performance is shown to slightly
decrease after three cell recycles. Figure 5.22 shows the experimental yield achieved in
successive runs. As can be seen in the figure, by the third run, the yield increased
slightly, from about 0.86 to over 0.9 moles of methane gas and total gas produced. By
the fourth and fifth experimental runs, however, the methane and total gas yields slightly
decreased. The methane yield obtained in Run 6 was not significantly less than the
average methane yield calculated from the average of base case conditions at the 95%
confidence interval. The average methane yield under these operational conditions
should have been about 0.95 moles of methane produced per mole of acetic acid;
however, by Run 6, the methane yield decreased to less than 0.89 moles per mol of acid.
Attempts to reuse the cell material in additional experimental runs failed, as determined
by a lack of gas production. A similar loss of gas production by recovered cell material
after several successive runs was seen in experiments conducted at an initial pH of 4.5.
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The five runs completed with the same cell material indicated that there is an
acclimation period associated with methanogenesis. The cells in these experiments did
not achieve the maximum gas production rate until Run 4. However, achieving this
maximum gas production rate did not coincide with the maximum methane gas yield of
the six experiments. Run 3, which required 12 days to complete, actually produced the
highest methane yield. The final COD values were similar for the first 4 runs, showing
that the acetic acid can be effectively degraded with minimal cell acclimation. These
results tend to indicate that cell acclimation can increase the methane production rate, but
the results do not statistically support the claim that it increases methane yield or COD
degradation. Consequently, the maximum methane production rate may not produce the
optimum gas yield. It does, however, show that extensive reuse of cell material in batch
experiments can detrimentally affect methane yield. Beyond Run 3 the methane yield
began to decrease, and Run 6 corresponded to the highest final COD measurement of
almost 800 mg/L, suggesting that reusing cells can also negatively impact acetic acid
degradation and the quality of the effluent. While the decrease in methane yield at Run 6
was not significant at the 95% confidence interval, additional attempts to reuse the cell
material resulted in no gas production, further indication that the cells may have entered a
state of decline. There are several plausible explanations for the decrease in yield and
COD degradation observed in these experiments. The decrease in yield could have been
caused by a decrease in some unidentified trace nutrient, vitamin, or cofactor that was not
included in the nutrient formulation used in these experiments. Subsequent transfers of
cells without replenishment of this supplement could adversely impact methane
production. Alternatively, the substrate utilization demand could have exceeded new cell
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growth. Methanogens have a slow doubling time (several days), and new cells may not
have been generated rapidly enough to support the rate of substrate addition. Finally,
overall cell numbers could have been reduced, or a certain species key to optimizing the
process could have been lost during the cell recovery and transfer process, resulting in the
decrease in methane production.
Cell acclimation and maturation is very important to large scale, industrial
applications of methanogenesis. Ideally, maximum methane production in the minimum
amount of time is the desired result. It is also critical to reactor operation that onset of
inhibitory conditions be determined quickly so as to prevent significant decrease in
methane production and the discharge of poor quality effluent. These results suggest that
the optimum cell utilization for maximum methane production may be three to four
cycles.

Oxygen Exposure
Experiments were also conducted to evaluate the impact of exposing cells to
oxygen as well as the effect of having air (rather than nitrogen) as the initial headspace
gas. Before addition to the reactors, the cells were sparged with pure oxygen for 5
minutes and 30 minutes. The experiments were then prepared in the glove bag and
incubated as usual using a 2 g/L acetic acid solution containing all nutrients with an
initial pH of 7. The intent of these tests was to assess how much, if any, care must be
taken when handling cells at the industrial scale to prevent exposure to oxygen.
Figure 5.23 compares the gas production (in terms of pressure) for a series of two
subsequent experimental runs. In Run 2, the cells from Run 1 were reused with fresh
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acetic acid and nutrient solution. The graph shows little difference in the reactor pressure
between the two sparging times and two runs. Figure 5.24 shows the COD reduction for
these experiments. In all four experiments the final COD was less than 1000 mg/L, while
the final acetic acid concentration was less than 360 ppm. The gas yield for the two
sparging times and the two runs is shown in Figure 5.25. The gas yield decreases by
about 20% after the first run for both sparging times. However, comparing the yields for
each run independently shows little difference between the two sparging times. All of
these experiments produced close to the expected yield of one mole of methane per mole
of acid consumed. The final pH and redox potential of these experiments was similar to
previous results. The final pH ranged from 7.55 to 8.36 with an average of 7.88, while
the final redox potential ranged from –736 mV to –791 mV with an average of –769 mV.
These redox potential values were larger than those observed in other experiments;
however, the redox probe had reliability issues and required replacement numerous times
over the course of this research. The redox potential measurement was expected to be
strongly negative, but the specific value was not pertinent.
Figure 5.26 shows an example graph of the average pressure profile in the
reactors that contained air as the headspace rather than nitrogen. The lag period before
gas production was slightly longer in these experiments than observed in those with a
nitrogen headspace. Since the headspace initially contained oxygen, any facultative
organisms likely present in the consortium metabolized the oxygen in the system before
the methanogens initiated biogas production. Gas production in these experiments was
complete in about 15 to twenty days, as compared to 10-15 days in base case
experiments.

111
Oxygen in the headspace decreased both the methane and total gas yield, as
shown in Figure 5.27. The methane yield decreased by about 12% as compared to the
experiments with a nitrogen headspace, and the total gas yield decreased by almost 9%.
The decrease in methane yield cannot be reported as significant at the 95% confidence
interval, as the t-test statistic was nearly equal to the tabulated t-value. However, the
means are different at the 90% confidence interval, and further experimentation
replicating these conditions would likely show that the difference is significant at the
higher confidence level. Despite the lower gas yield, the average COD removal for these
experiments was greater than 96%, and the data are shown in Figure 5.28. These
experiments represent the only situation where the final COD was consistently less than
100 mg/L.
The final pH of these experiments was comparable to those with nitrogen as the
headspace, at an average of 7.628. The final redox was slightly higher, having an
average of –256.6 mV.
Cells were exposed to pure oxygen and air for differing lengths of time in order to
determine the effect of oxygen on methanogenesis. The first set of experiments evaluated
the effects of sparging the cell material with pure oxygen for 5 minutes and 30 minutes.
When comparing the raw pressure data of these experiments, it does not appear that
sparging the cells with oxygen adversely affected methanogenesis, as there was no
inhibition or obvious reduction in gas production. The same conclusion can be made
from the COD reduction data, as the two different conditions were able to reduce the final
COD to less than 1000 mg/L, and in most cases to 500 mg/L or less, comparable to the
degradation observed in experiments not sparged with oxygen. Finally, when comparing

112
the methane and total gas yields for the two sparging times, there is no clear evidence that
sparging the cells with oxygen negatively impacts gas production. In both runs, the cells
sparged for 30 minutes actually produced more methane than those sparged for only 5
minutes. Despite the decrease in yield after run two for both sets of conditions, the
methane and total gas yields were still close to those obtained under base case conditions.
These findings indicate that exposing the cells to oxygen causes little to no
discernable effect on methane production is important because in larger-scale systems, it
can be difficult to completely exclude oxygen from the system. Fundamental research
involving methanogens has shown that the organisms are strict anaerobes; what has not
always been clear is exactly how much oxygen the organisms can tolerate before methane
production is inhibited. It is believed that even some strict anaerobes can survive
exposure periods up to 2 hours with as much as 0.5% oxygen in the headspace. It is also
widely accepted that exposure of mixed cultures to oxygen for short periods of time
rarely causes reactor upset (Kato et al., 1993). Similar experiments to these evaluated the
effect of gassing pure cultures of M. soehngenii with oxygen for 0.2, 1, 6, and 48 hours.
After a short lag phase, the cells that had been gassed with oxygen exhibited similar
methane production rates to control cell that were not gassed (Huser et al., 1982).
Experts in anerobic methane production agree that the aggregates and biofilms that these
organisms form likely shield the cells from any oxygen that might be present (Patel et al.,
1984; Kato et al., 1993).
Oxygen tolerance can also be expressed as a function of redox potential. Fetzer
and Conrad (1993) reported that methane production was not significantly affected at
redox potentials between –420 mV and +100 mV. Fetzer and Conrad (1993) concluded
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that M. barkeri has the ability to generate the appropriate redox environment for methane
production given that the initial oxygen concentration is less than 0.005%. These results
contradicted earlier findings that the redox potential must be lower than –200 to –400 mV
in order for methanogenesis to occur. These authors also reported that adding 0.05 –
0.1% oxygen to suspensions of M. barkeri inhibited methane production for up to 2
hours. Secondary experiments conducted for this work involved replacing the N2/H2
headspace with air. As shown in the results section, these experiments showed a slightly
decreased methane yield; however, they prove that methanogens can tolerate up to about
20% oxygen. Since the culture utilized in these experiments was a mixed consortium, it
is hypothesized that aerobes or facultative organisms were present in the inoculum. As a
result, these oxygen-utilizing organisms likely consumed any oxygen that was present
before methanogenesis commenced. Kato et al. reported similar findings in 1993,
demonstrating the coexistence of methanogenic and facultative bacteria with 18% oxygen
in the headspace. The reduction in yield observed in our experiments could be due to
substrate and/or nutrients being utilized by the aerobes, causing methanogenesis to be
substrate and/or nutrient limited.
The advantage to understanding the ability of methanogens to tolerate oxygen is
important, especially for successful operation of larger-scale digesters. This work shows
that maintaining a completely oxygen-free environment is not essential for methane
production. It also indicates a mixed culture has the ability to induce anaerobic
conditions, even with initial oxygen concentrations as high as 20%. Large digesters will
be much more convenient to operate since the complete exclusion of oxygen is not
required.
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Hydrogen in Headspace
The effect of hydrogen in the headspace of the reactors was also evaluated in
experiments containing 2 g/L acetic acid and four times the recommended amount of
nutrients. The additional nutrients were added with the goal of reducing the amount of
time required to complete the experiments. Initial experiments were run with 30%
hydrogen in the headspace, with the remainder being nitrogen, at pH 7.0. It was hoped
that adding hydrogen to the headspace of the reactors would increase the methane yield
via the autotrophic conversion of hydrogen and carbon dioxide to methane. Furthermore,
following the syngas to ethanol fermentation process, unreacted hydrogen remains in the
effluent gas stream. These experiments were also intended to determine to what extent
this excess hydrogen could be utilized in the anaerobic digestion process. It was
hypothesized that reactors with only a nitrogen headspace were hydrogen limited, and the
unicarbonic methanogens were unable to contribute to methane production.
These experiments exhibited a lag period of about 30 days before noticeable
methane production and required about 60 days to complete. Figure 5.29 shows a graph
of the reactor pressure over the length of the experiment. Figure 5.30 shows the methane
and total gas yield for these experiments. As shown in the graph, adding 30% hydrogen
to the headspace did not increase the yield of methane to above theoretical for aceticlastic
methanogenesis. In fact, the yield fell below theoretical to an average of 0.93 moles of
methane and 0.94 moles of total gas produced. The drop in yield could have been due to
inhibition caused by the four-fold increase in nutrients or due to the high concentration of
hydrogen. The average final COD of these experiments was higher than expected, at
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1885 mg/L; however HPLC analysis of the liquid showed that the final acetic acid
concentration was less than 200 ppm, proving acetic acid degradation did occur. The
high final COD value could have been due to the production of ethanol or other organics
by additional organisms present in the system. The final average pH of the system was
8.3, and the average final redox was about –440 mV.
Upon further consideration of the experiments and the data, it seemed that the
operating conditions of the reactors were not conducive to stimulating the unicarbonic
methanogens. As discussed earlier, at a pH of 7.0, carbon dioxide dissolves in solution as
carbonates and bicarbonates. Since these experiments were conducted at neutral pH, it is
likely that there was no aqueous carbon dioxide available for the unicarbonic
methanogens to metabolize. Rather than being hydrogen limited, these experiments were
likely carbon dioxide limited. Additional xperiments were conducted with 2 g/L acetic
acid and 30% hydrogen at an initial pH of 4.5, but after 55 days of incubation no gas was
produced.
From these results, it can be reasoned that the unicarbonic methanogens did not
enhance methane production under the given conditions. Experiments conducted with
30% hydrogen in the headspace and 2 g/L acetic acid at an initial pH of 7.0 did not show
an increase in methane production. Additionally, these experiments exhibited a very long
lag period of almost 30 days before any gas production was detected. While it is known
that methanogens can produce methane from carbon dioxide and hydrogen, it has also
been shown that hydrogen can be inhibitory to certain strains of methanogens. Baresi et
al. (1978) evaluated the methane production from an acetate enrichment culture (obtained
from an anaerobic digester) in a 100% hydrogen headspace and found methane
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production to be inhibited from 10% up to 95%. Hydrogen was evaluated as a possible
energy source as previous enrichments of this culture had produced hydrogen, and
isolates from the enrichment were shown to utilize hydrogen. The inhibition of methane
production was directly related to the age of culture, leading the authors to conclude that
younger cultures are more able to adapt to a change in substrate, possibly by changes in
the population, while older cultures have a more stable population less able to change
from acetate to hydrogen metabolism. Huser et al. (1982) reported that M. soehngenii
showed no evidence of hydrogen consumption after 6 months of incubation under a
H2/CO2 (80%/20%) headspace in the presence of acetate. Van den Berg et al. (1976) also
reported no inhibition of methane formation at H2 concentrations of 0.5 and 80%, and
their enriched culture was unable to use H2 and CO2 for the production of methane.
Krzycki et al. (1987) reported that methanogens both produce and consume trace
amounts of hydrogen during acetate metabolism. However, inhibition of acetate cleavage
can occur even at low partial pressures of hydrogen, especially in Methanosarcina sp.
Strains. In analysis of M. barkeri strain MS, these authors showed that hydrogen was
evolved by this species at the onset of methanogenesis, and suspensions of this organism
produced hydrogen at a linear rate during methanogenesis from acetate. They reported
that 5-20 nmol of hydrogen was produced for every 1 µmol of methane produced. They
also found that providing 100% hydrogen in the headspace did not inhibit methane
production, contradicting the results of Baresi et al. (1978). Krzycki et al. (1987) also
hypothesized a pathway for hydrogen formation, suggesting that it could orginate either
from the oxidation of the carbonyl intermediate produced following the cleavage of
acetate, or from the oxidation of the methyl group of acetate to CO2. The authors could
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not conclude that hydrogen is an obligate intermediate required for the reduction of
acetate to methane, but they did report that their data showed that both CO2 and acetate
were simultaneously converted to methane.
Previous research shows that the ability of methanogens to metabolize hydrogen
is species dependent. It is possible that the mixed culture of methanogens used in these
experiments did not have the ability to metabolize hydrogen at the given concentration
(30%). In previous experiments, the maximum hydrogen concentration was 5%, obtained
from preparing the experiments in the anaerobic chamber. Zinder and Anguish (1992)
reported that there is an optimum H2 partial pressure (50 Pa in one Methanosarcina
species) above or below which fermentation of acetate will not proceed. Methanogens
also coexist symbiotically will other types of anaerobes that can metabolize hydrogen.
Iron (Fe III) reducers in particular utilize hydrogen more efficiently than methanogens,
and these organisms are often found in methanogenic environments (Chapelle et al.,
1996). The cultures used for this work likely contained hydrogen-utilizers that consumed
most of the H2 in the system before methanogenesis commenced. This conclusion is
supported by the long lag period prior to gas production during which a slight vacuum
pressure was noted in the reactors. This vacuum could not be precisely measured with
the pressure gauges; however, for most of the lag period, the needle on the gauge was
below zero. In addition to being out-competed by other hydrogen utilizing anaerobes,
methanogens may have been unable to utilize hydrogen for methane production if the
system was limited with respect to dissolved CO2. These experiments were conducted at
an initial pH of 7.0, which as discussed earlier, results in the conversion of CO2 to
carbonate. Very little, if any, aqueous CO2 would have been available in this system.
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Further work is needed in this area, specifically evaluating systems with lower
concentrations of hydrogen in the headspace and with lower initial pH values. In
summary, supplementing reactor headspace with hydrogen does show promise for
improving the methane yield and increasing the energy value of biogas. Considering
excess hydrogen will likely be available in the ethanol biorefinery, this scenario is an
attractive option for possibly increasing methane production.

Agitation
The effect of agitation on biogas production was examined by comparing
experiments prepared with 2 g/L acetic acid solution and the recommended amount of
nutrients at pH 7.0. The first two sets of experiments evaluating this parameter were
conducted in triplicate, with three reactors remaining static and three stirred at about 100
rpm (the lowest setting on the stir plate that maintained agitation) for the entire length of
the experiment. After the first set of experiments was complete, the cell material was
recovered, and the experiments were conducted a second time under the same conditions.
Figures 5.31a and b compare the average reactor pressure data for the two conditions and
the two runs. As shown in the graph, both the static and agitated experiments showed a
decrease in the gas production rate in the second set of experiments. On average, the
second set of experiments required over 3.5 times longer to complete than the
experiments with the fresh cell material.
Comparison of the experimental yield for the two sets of conditions over the two
runs in Figure 5.32a shows that initially the two conditions performed similarly, both
producing approximately 1.4 moles of methane and 1.2 moles of total gas per mole of
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acetic acid. Recovery and reuse of the cell material in a subsequent set of experiments
resulted in a decrease in the methane and total gas yield for both conditions (static and
agitated), as shown in Figure 5.32b; however the yield for the static experiments was still
above the expected yield for methanogenesis from acetic acid (as reported in literature),
producing an average of 1 mole of methane per mol of acid. The decrease in the yield for
the agitated experiments was much more noticeable, as the methane yield was less than
0.9. A third repetition of the agitated experiments using the same cell material resulted in
an experimental yield of about 0.89 moles of methane. While this result is not
statistically different from the previous run, it does verify that agitation of the cell
material decreases the methane yield to values below the yield that was achieved in static
experiments.
As shown by the results, agitation does not appear to have an immediate effect on
methane production. During the initial run to compare static conditions to agitation, the
average methane production rate in the stirred experiments was lower; however, both the
average methane and total gas yields were comparable for both conditions. The most
noticeable difference between the two conditions was the amount of time required to
complete the experiment. On average, the experiments that were stirred required about
twice as long to complete as those that were static. It wasn’t until the cells were
recovered and used in a second run that any change in the methane yield was observed.
By Run 2, the gas yield from the cells that were agitated had decreased by about 25%.
The yield produced by the static cells also decreased, but the methane yield was still
about 1 mole per mole of acid. A third run continuing to agitate the experiments at 100
rpm produced similar methane and total gas yields to those obtained in Run 2.
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Dannenberg et al. (1997) also report decreased methane formation in both shaken
and stirred environments. They observed drastically reduced methane production as well
as low numbers of acetate-utilizing methanogens in stirred systems. Shaken systems
exhibited a decrease in methane production of about 50%, while stirred systems
eventually stopped producing methane completely. These authors hypothesized that the
agitation mechanisms destroyed the acetate-utilizing bacteria and possibly destroyed
other substrate-utilizing methanogens and syntrophically related organisms.
Identification of H2/CO2 utilizing methanogens also showed a decrease in numbers as
well as a decrease in methane production when agitated, although it was less severe than
that observed in the acetate-utilizing cultures.
The most plausible explanation for the decrease in yield observed in this work
involves the structure of the cells themselves. It is well documented that individual
Methanosarcina cells join together to form large granules. Similarly, Methanosaeta
organisms link together to form long rods. The large granules and long rod structures are
key to facilitating optimum methane production. In the static experiments, the organisms
were able to maintain their structural integrity and more efficiently degrade acetic acid
and produce methane. The agitation likely destroyed the granular and long, rod-like
structures formed by the organisms, which impaired their ability to produce methane, as
described by Dannenberg et al. (1997). It is recommended that a large-scale system not
be agitated, if at all possible. The ethanol production wastewater should be a
homogeneous mixture of acetic acid that doesn’t require additional mixing that would
likely reduce methane production.
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Addition of Vitamins and Coenzyme M
Experiments were also conducted to evaluate the impact of adding micro-amounts
of vitamins and an enzymatic cofactor unique to methanogens known as coenzyme M
(CoM). Selected amounts of vitamins and coenzyme M were added to some experiments
in order to determine if these additions aided the production of methane. Jarrell and
Kalmokoff (1988) published an extensive report on the nutritional requirements for
species in six different methanogenic genera. Certain strains of M. barkeri were noted to
be stimulated by B vitamins, riboflavin, and folic acid. Methanosaeta organisms were
reported stimulated by biotin, thiamine, and PABA. The report by these authors also
indicated that yeast extract is stimulatory to all methanogens. While amounts were not
specified, the vitamins were added in trace amounts (µM concentrations). Wolfe’s
solution was chosen as the source of vitamins for our experiments, as it is a commonly
used solution that contains many of the vitamins thought to be stimulatory to growth,
such as biotin, folic acid, thiamine, riboflavin, and vitamin B12. In a series of nine
sequential experiments where cell material was recycled, vitamins were not added to
every experiment (see Figures 5.33 and 5.34). The goal was to determine if an initial
supplement of vitamins could sustain higher levels of methanogenesis over a series of
several experiments.
The vitamins and CoM were added in trace amounts as additional components to
the nutrient/trace metal solution. The vitamins comprised 0.1% of the total nutrient/trace
metal solution, and the CoM concentration was 0.1 mg per liter of nutrient/trace metal
solution. The goal of these experiments was to determine if the addition of CoM or
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vitamins at the beginning of a series of experiments would increase the number of times
cell material could be used before producing a decrease in methane yield. In order to test
the effect of the vitamins and CoM, a series of experiments were conducted (in duplicate
at 2 g/L acetic acid and pH 7.0), initially under 6 different nutrient additions: 1X
nutrients/trace metals; 1X nutrients/trace metals + vitamins; 1X nutrients/trace metals +
CoM; 4X nutrients/trace metals; 4X nutrients/trace metals + vitamins; and 4X
nutrients/trace metals + CoM. An initial run was conducted in order to acclimate the
cells to the experimental conditions. For these experiments, the cell material was
recovered and utilized in a second set of experiments under the same conditions. The
methane yields from the second set of experiments under the above conditions were
within the expected range (0.9 to 1.04 moles of methane per mole of acid) of the yield
reported for aceticlastic organisms. Once the expected yield was established, vitamins
and CoM were no longer added; the experiments contained only the original
nutrient/trace metal solution. Runs were repeated until a noticeable decrease in the
methane yield was observed, at which point the vitamin and CoM supplements were
again added to the experiments.
In the case of the 1X series of experiments, (1X nutrients/trace metals, 1X
nutrients/trace metals + vitamins, 1X nutrients/trace metals + CoM), the same cell
material was recovered and used in a total of 10 consecutive experiments (completed in
duplicate). Figure 5.33 shows the methane yield for all three conditions in Runs 2
through 10. As mentioned earlier, in Run 2, experiments were conducted with all three of
the various nutrient solutions described above, designated by the solid data markers in the
figure. At Run 3, the vitamins and CoM were not added, and all three sets of experiments
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contained only the 1X nutrient/trace metal solution, designated by the hollow data
markers.
In evaluating the data, the methane yield was the lowest in the experiments
containing only 1X the recommended amount of nutrients/trace metals over the entire
course of the 10 runs. The methane yield fluctuated from as low as 0.77 moles to 1.03
moles produced per mole of acid consumed, but the overall average was less than that
expected for aceticlastic methanogenesis, at less than 0.91 moles.
To evaluate the effect of adding vitamins on methane yield, Runs 3, 4, 5, 6, and 7
of the experiments originally supplemented with vitamins contained only the original 1X
nutrient/trace metal solution. Figure 5.33 shows that, even after the vitamin supplement
was removed at Run 3, the methane yield remained consistently higher than the methane
yield of the experiments containing only nutrients/trace metals. The fluctuation in yield
was also not as severe, with the lowest methane yield being 0.87 moles. At Run 8, the
vitamin supplement was again added, increasing the methane yield from 0.925 moles (in
Run 7) to 1.12 moles. After the initial addition of vitamins, the average methane yield of
the experiments not containing vitamins (Runs 3-7) was 0.976. By comparison, the
average methane yield of the experiments containing the vitamin supplement (Runs 2 and
8-10) was 1.08 moles. These results suggest two effects: 1) that an initial addition of
vitamins may help sustain a higher methane yield in subsequent experiments where no
vitamins are added, and 2) that adding vitamins to experiments that have been deprived
can have an immediate positive effect on the methane yield.
Figure 5.33 also shows the results from the experiments containing nutrients/trace
metals and CoM. For this series of experiments, only Runs 1, 2, and 10 contained the
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CoM supplement; Runs 3-9 were provided only the original nutrient/trace metal solution.
As shown in the graph, Run 2 of the CoM condition produced a similar methane yield as
the other two conditions, at 1.02 moles of methane per mole of acid. Run 3, containing
no CoM, also performed comparably to the experiments originally containing vitamins,
which is about 14% more methane produced compared to experiments initially
containing only the nutrient/trace metals. By Run 3, however, the methane yield in the
experiments initially containing the CoM had the decreased the most of any of the
experiments, to less than 0.71 moles. For the remaining four runs, these experiments
performed similarly to those that only ever contained the nutrient/trace metal addition.
With Run 10, the CoM supplement was again added, and the methane yield immediately
increased by about 19%, to 1.1 moles per mole of acid. These results also suggest two
findings: 1) the addition of CoM initially does little to help sustain a higher methane
yield in subsequent experiments containing no CoM, but 2) the addition of CoM to
experiments that have been deprived of this supplement may increase methane yield over
the addition of only nutrients/trace metals.
In summary, the experiments provided with 1X nutrients/trace metals and a trace
amount of Wolf’s vitamin solution sustained the overall highest methane yield of 1.02
moles produced per mole of acid initially present. This condition also exhibited a smaller
decrease in methane yield when vitamins were not added, and suggests that vitamins may
help to maintain a higher methane yield over repeated utilizations of the same cell
material. The wide variation in the data, as shown by the overlapping error bars in Figure
33, does not allow for any firm conclusions regarding the addition of vitamins. However,
since the vitamin solution is relatively easy and inexpensive (as compared to CoM) to
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obtain, the potential for improvement in methane production makes the vitamin solution a
practical addition to the system.
As mentioned above, the same combination of vitamin and CoM additions was
also evaluated using 4 times the recommended amount of nutrients/trace metals. As a
result of the preparation of the nutrient/trace metal solutions containing the vitamins and
CoM, these supplements were also added in a ratio 4 times greater than the 1X additions.
Therefore, these experiments contained 4 times more nutrients/trace metals and either 4
times more vitamins, or 4 times more CoM than the experiments evaluated immediately
prior. These experiments were also conducted in duplicate, and the data are shown in
Figure 5.34.
The experiments in this series containing only 4X nutrients/trace metals produced
an average methane yield over Runs 2-10 of 0.96 moles of methane per mole acid
initially added. The lowest methane yield in this series was 0.73 moles of methane,
which occurred at Run 4. Runs 6, 7, 8, 9, and 10 performed consistently, producing an
average methane yield of almost 1.04, suggesting that, once the methanogens become
acclimated to the higher dose, the additional nutrients and trace metals can produce and
sustain a higher methane yield.
The experiments containing the 4X dose of nutrients, trace metals, and vitamins
performed erratically over the runs evaluated. As in the 1X additions, after Run 2, the
vitamins were not added until a noticeable decrease in methane yield was observed. By
Run 4, the methane yield had decreased to about 0.81 moles; therefore, at Run 5, the
vitamins were again added to the experiment. The methane yield at Run 5 was the lowest
of any observed under these six conditions, at less than 0.68 moles of methane produced
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per mole of acid. Adding vitamins again during Run 6 finally increased the methane
yield by a very noticeable 68%, to 1.14 moles of methane. This was the highest methane
yield observed in any of the experiments conducted under these six conditions. By Runs
7, 8, 9, and 10, the methane yield produced was more consistent, at an average of 0.96
moles per mole of acid. These results suggest that the significant increase in nutrients,
trace metals, and vitamins can have extreme and erratic effects on the methane yield until
the organisms become acclimated to the higher does of supplements.
Evaluation of the 4X nutrient and trace metal addition supplemented with CoM
produced less erratic results more in line with those observed in the 1X experiments. The
initial addition of CoM at Run 2 produced approximately the expected yield of methane
from acetic acid (1.04 moles). At Run 3 the CoM was not added, and an immediate
decrease in methane yield of about 18% was observed. Over the next two runs, the yield
incrementally increased back to that expected for aceticlastic methanogenesis; however,
the readdition of CoM at Run 8 had no noticeable affect on the methane yield. Runs 6
through 10 performed similarly, producing an average methane yield of 0.96 moles of
methane per mol of acid, despite the readdition of CoM in Runs 8, 9, and 10.
In summary, there is no clear experimental condition in the 4X group of
experiments that performs best, as shown by the overlapping error bars in Figure 5.34.
However, the addition of CoM was the most successful in maintaining a consistent
methane yield at or near that expected for aceticlastic methanogenesis.
At the completion of this series of experiments, the gas production rate was
calculated and compared for the six different combinations, and these data are shown in
Figures 5.35a and b. The rates improved over the course of the nine experiments for all
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of the treatment combinations, but no one treatment appears to have outperformed the
others, as shown by the overlapping error bars. The increase in the gas production rate
was likely due to cell acclimation rather than any effects from the nutrient amendments.
When compared to the experiments with nutrients/trace metals only and
nutrients/trace metals/coenzyme M, the addition of vitamins to the nutrient/trace metal
solution appears to increase the methane yield at the 1X dose. The initial addition of
vitamins resulted in higher methane yields in subsequent experiments where no vitamins
were added, and this yield was greater than 0.9 moles in all but one of the nine
experiments. Since the yields produced in the experiments supplemented with vitamins
fall within the standard deviation of base case results (0.948 + 0.144), it is difficult to
conclude that the vitamins improved the methane yield over the base case results.
However, it is clear that the 1X vitamin addition did improve methane production when
compared to experiments not supplemented at all, or supplemented with coenzyme M.
The coenzyme M addition may have had a positive affect on methane yield, although not
over the entire length of the nine experiments. One run after the initial addition of
coenzyme M, the methane yield was higher than in experiments with no additional
supplements. Without the addition of additional coenzyme M in subsequent runs, the
yield dropped to values similar to those produced by the experiments containing nutrients
and trace metals only. When coenzyme M was added once again in the final experiment,
the methane yield increased to that observed in the experiments containing the vitamin
supplement. The results of these experiments suggest that the addition of vitamins helps
maintain higher levels of methanogenesis over long-term reactor operation. A one-time
addition of vitamins was able to sustain a higher methane yield over a multiple series of
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experiments, and when the yield began to decline, a second does of vitamins resulted in
an immediate increase in methane production. Coenzyme M in the 1X apparently does
not have the same long-term effects on methane yield yield, as increased methane
production was only observed in runs containing the coenzyme, but not in subsequent
runs.
Adding a 4X dose of coenzyme M appears to have a more long-lasting effect on
methane production. In this case, a methane yield between 0.93-1.0 was maintained over
the course of six subsequent experiments. The experiments in this set containing 4X
nutrients and trace metals only had a large deviation in yield (0.73-1.07 moles), making it
difficult to conclude just how much the addition of coenzyme M improved the yield. The
yield produced by the 4X vitamin addition also fluctuated a large amount and was unable
to sustain consistent results. Since all experiments contained a 4X dose of nutrients and
trace metals (along with either coenzyme M or vitamins), it is possible that the systems
were negatively impacted by an overdose of nutrients. Ammonia in particular is known
to reduce and even inhibit methanogenesis if present in excessive amounts (van den Berg,
1976; Gallert et al., 1998; Schnurer et al., 1999), causing the acetate to be converted to
CO2 and H2 by homoacetogenic bacterium. It is probable that the methanogens did not
need high doses of nutrients to metabolize the lower initial acetic acid concentration (2
g/L), explaining the variation in results at the 4X dosing level. Previous successes with
the 4X addition of nutrients and trace metals were achieved in experiments containing 8
g/L acetic acid.
Based on these results, it is suggested that in a large-scale system, vitamins should
be added periodically to help sustain optimum methanogenesis. Addition of a mixture of
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vitamins similar to Wolfe’s solution may help extend prolong the usable life of the cell
material and help maintain higher methane yields as the cells transition from the
stationary to the death phase. Because of the limited and somewhat inconclusive impact
of adding coenzyme M to these experiments as well as the very high cost ($4.50-$6.75
per g), it is not recommended that coenzyme M be added to an industrial system. Since
coenzyme M is such a key factor in methanogenesis, it is likely that the cells contain
ample amounts of this cofactor. It is also very important that the amount of nutrients and
trace metals added to a lower concentration (2000-3000 mg/L COD) wastewater be
closely monitored so as to inhibit the system with excessive amounts of ammonia. At the
lower concentrations, a 1X dose of nutrients, trace metals, and vitamins should be
sufficient for optimum methane production; the dose should increase only as the COD of
the wastewater increases.

Temperature
Experiments were also conducted at 2 g/L acetic acid with nutrients and trace
metals at initial pH of 7.0 but incubated at 60° C. Reactors were placed directly in the
60°C environment; the temperature was not gradually ramped up to the higher
temperature. Of the four experiments, none ever showed an increase in pressure to
indicate gas production; therefore, no further analysis was performed.
Experiments were performed at elevated temperature because, in a full-scale
ethanol production facility, the wastewater will likely be at an elevated temperature. If
methanogenesis can occur at this temperature, then no cooling is required prior to
anaerobic digestion. Incubating reactors at 60° C is completely inhibitory to
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methanogenesis under these experimental conditions. While thermophilic strains of
methanogens have been identified (Zinder and Mah, 1979; Bochem et al., 1982), the
mesophilic inoculum used in this experiment was not adaptable to incubation at higher
temperatures. Huser et al. (1982) reported similar results, observing complete inhibition
of methanogenesis at 50°C, with no return of activity when the temperature was returned
to 37° C. It is possible that this inoculum could acclimate to the increased temperature if
it were gradually increased over a longer period of time. These experiments were
directly placed in a 60° C incubator with no gradual adjustment in temperature. For
reactors operated as in this work, it is recommended that the reactor temperature remain
at or near 35°C. If thermophilic operation is desired, the inoculum should be obtained
from an industrial digester operating in a higher temperature range (55-60°C), or a period
of acclimation should be attempted.
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Table 5.1a: Summary of Results at Initial pH 4.5
Initial pH 4.5
Avg. Initial pH
4.49 + 0.02
Lag Period
3-56 days
Avg.: 19 days
Avg. Initial COD
3280 mg/L

Avg. Final pH
6.79 + 0.15
Avg. Length of Experiment
33 days
Avg. Final COD
610 mg/L
<200 ppm Acetic Acid

Table 5.1b: Summary of Results at Initial pH 7.0
Initial pH 7.0
Avg. Initial pH
7.08 + 0.11
Lag Period
<2 days

Avg. Final pH
6.79 + 0.15
Avg. Length of Experiment
15 days

Avg. Initial COD
2990 mg/L

Avg. Final COD
510 mg/L
<200 ppm Acetic Acid
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Figure 5.3: Carbon Dioxide/Bicarbonate/Carbonate Distribution in Aqueous
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Figure 5.16: Acetic Acid Degradation, 40.0 g/L Acetic Acid, pH 7.0
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pH 7.0, Run #2

164

1.4

mol gas per mol acid

1.2
1
0.8
0.6
0.4
0.2
0
CH4 Yield

Total Yield

Run 1-Static

Run 1-Stirred

Run 2-Static

Run 2-Stirred

Figure 5.32a: Experimental Yield, Agitation at 100 rpm, 2.0 g/L Acetic
Acid, pH 7.0, Runs #1-2

1.5
1.4
mol gas per mol acid

1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
CH4 Yield
Run 1

Total Gas Yield
Run 2

Run 3

Figure 5.32a: Experimental Yield, Agitation at 100 rpm, 2.0 g/L Acetic Acid, pH
7.0, Runs #1-3

mol CH4 per mol acid

165

1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
1

3

5

7

9

11

Run Number
1X

1X+Vitamins

1X+CoM

Nutrients only
(no Vitamins or CoM)

Figure 5.33: Methane Yield, 1X Nutrients and Supplements, 2.0 g/L Acetic
Acid, pH 7.0

mol gas per mol acid

166

1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
1

3

5

7

9

11

Run Number
4X

4X+Vitamins

4X+CoM

4X Nutrients only
(no Vitamins or CoM)
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CHAPTER VI
RESULTS AND DISCUSSION - SEMI-CONTINUOUS
FERMENTATION

After observing a 30% increase in methane yield in batch experiments conducted
at an initial pH of 4.5, experimentation was expanded to include a long term, larger scale,
semi-continuous reactor operating at low pH. Experimentation took place in a New
Brunswick BioFlo 3000 laboratory scale fermentor containing 3 L of acetic acid solution
(2 g/L) and 1 L of cell material, as described in Materials and Methods (Chapter 4). The
reactor pH, temperature, and oxidation-reduction potential were continuously monitored
to ensure proper conditions. The goal of this experiment was to maintain a culture of
methanogens at low pH and, after an acclimation period, maintain and possibly maximize
methane production by capitalizing on the conversion of CO2 in the system.
Figure 6.1 shows the reactor pH profile over the entire length of experimentation.
As shown in the graph, for about the first 100 days, the reactor pH remained primarily
between 6.0 and 7.0. Upon the addition of acetic acid, the pH would drop below 6.0 but
eventually recover back to neutral. The pH likely remained in the neutral range due to
the buffering capacity of the cell material, as the initial pH of the inoculum was measured
to be 7.3. The minimum pH values shown on the graph represent days when acetic acid
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was added to increase the concentration to approximately 2 g/L. After about 100
days, the pH range of the reactor shifted to 4.5 (maximum acetic acid concentration), to
6.5 (once most of the acid was consumed). This pH range predominated until about the
180th day, at which point the minimum pH fell to about 4.0, while the maximum
remained less than 5.5. From Figure 5.3, the ideal pH is less than 5.5 in order to support
the presence of aqueous carbon dioxide and prevent carbonate and bicarbonate formation.
The gas composition of the reactor headspace was also analyzed in order to
determine if methane production was occurring at low pH. Figure 6.2 shows the methane
content in the reactor headspace during the entire length of reactor operation. The
primary components of the reactor headspace were nitrogen, carbon dioxide, and
methane. Trace amounts of oxygen were observed, likely due to small amounts of
oxygen present in the sampling needle and syringe. After approximately three weeks of
operation, over 62% methane was observed in the reactor headspace, along with 26%
carbon dioxide. By Day 50, however, the methane content had dropped to only 22%, and
for the next 61 days, did not exceed 45%. Between Days 64-80, methane production
almost completely ceased, with maximum of only 8% being observed. This drop in
methane production followed a sharp, instantaneous decrease in reactor pH from 7.01 to
4.39 on Day 25. During this period of decreased methane production, the maximum
reactor pH did not exceed 6.5; however, shortly after the pH increased to above 6.5,
methane production resumed, and over the next 100 days, the concentration fluctuated
between 30%-67%, depending on the amount of acetic acid present in the system.
The maximum methane content observed in the gas headspace was 67%, but
decreasing acetic acid concentrations in the liquid phase caused the methane content to
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vary widely. Following Day 200, the methane content was about 40% or higher,
indicating that the methane content can be controlled to a narrower range. This variation
in methane content is not unusual when compared to values reported in literature. Cronin
and Lo (1998) reported observing a methane content of 24-81% in biogas produced from
brewery wastewater, while Wu et al. (1993) reported 68-75%. Other research reported
producing 42-57% methane from biscuit and chocolate processing wastewater, and 72%
methane from tomato processing wastewater. Bhadra et al. (1984) evaluated a synthetic
acetic acid waste stream, similar to that used in this research, and measured 60-65%
methane in the gas. The amount of methane and total gas produced depends upon the
strength of the wastewater being treated, and large fluctuations in methane content could
be reduced by providing a feed stream of constant acid concentration. However, even
with semi-continuous operation, this system was able to consistently produce a biogas
stream containing at least 40% methane and showed the potential to produce a stream
with as much as 60% methane, making this process comparable to other anaerobic
digestion processes. Additionally, the BioFlo unit provided a readily available source of
methanogens acclimated to producing methane in a low pH environment for use in batch
experiments.
At Day 187, a minimum pH value (up to that point) of 3.95 was observed
following the addition of acetic acid. This drop in pH was followed by a decrease in
methane content to 7% on Day 207. However this lag in methane production lasted only
a short time, as the methane content increased to 20% and 42% by Days 211 and 218,
respectively. Since Day 211, the highest pH value observed in the reactor was 5.59,
while the lowest was 3.79, indicating that the pH profile of the reactor had shifted to an
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acidic range. The methane content during this period ranged from 20-61%, depending on
the amount of acid present, and there was little to no lag in methane production as a result
of the low pH. The lag period that was observed was likely the result of acclimation.
The cells used in to inoculate the reactor were obtained from systems operating in a more
neutral pH range. As a result, the organisms required an acclimation period to adjust to
the acidic environment before methane production could begin.
Figure 6.3 shows the carbon dioxide content of the reactor headspace as a
function of pH. A maximum CO2 content of 58.5%, observed on Day 107, corresponded
to a reactor pH of 5.37. The amount of CO2 present depended on both the methanogenic
activity and the reactor pH. A minimum CO2 content of 8.7% was observed on Day 75,
during the same period when the methane content also dropped to less than 10%. The pH
of the reactor system at this minimum was 6.03; however, larger concentrations of CO2
were observed at higher pH values, indicating that pH was not the sole reason for the low
CO2 content. In fact, CO2 concentrations greater than 45% were observed at reactor pH
values greater than 6.5. In most cases, however, CO2 concentrations greater than 40%
corresponded to pH values of less than 5.0.
The reactor headspace was not a fixed volume, as the system was connected to a
large gas sampling bag in order to ensure that the unit did not over-pressurize. The unit
was also not open to atmosphere, resulting in accumulation of gas in the system. As a
result, the methane and carbon dioxide percentages reflect the accumulation of gas in the
system over time as additional batches of acetic acid were added. However, fluctuations
in the methane and carbon dioxide coincide with fluctuations in the acetic acid
concentration. Typically, in each batch cycle the methane content gradually increased to
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a maximum percentage as the acetic acid was consumed. Residual methane and carbon
dioxide did remain in the headspace unless the pressure in the system was released,
which did happen periodically. When the system pressure was released, the methane
content dropped to the lowest levels (less than 20%), and nitrogen was the predominant
headspace gas. As biogas production continued, the methane and carbon dioxide content
in the headspace increased to previously observed levels.
In reviewing the published research regarding industrial-scale anaerobic digesters,
experts agree that operating a system much below pH 6.6 is not practical, as it inhibits
methane production and causes reactor failure (Brummeler et al., 1985; Mawson et al.,
1991; Speece, 1996). General reactor operation ranges between 6.9-7.5, but successful
operation has occurred in the range of 6.6-7.6. Notably, much of the published literature
involves highly complex wastewater streams containing mixtures of carbohydrates and
fatty acids (Weber et al., 1984; Wu et al., 1993; Beccari et al., 1996; Speece, 1996;
Cronin and Lo, 1998; Kato et al., 1999; Azbar et al., 2000). As a result, the process
requires two-stages: acetogenesis of the carbohydrates and fatty acids to form acetic
acid, followed by methanogenic conversion of acetic acid to biogas. The most common
explanation for reactor failure at lower operating pH is related to high concentrations of
undissociated fatty acids, particularly propionic acid. Below pH 6.0, the accumulation of
these acids causes inhibition of the acetogens, reducing their ability to degrade the
heavier acids into acetic acid. Additionally, there is some thought that high
concentrations of propionic acid are inhibitory to methanogens (Brummeler et al., 1985).
Noting the advantages to operating at a low pH, two decades ago Brummeler et al. (1985)
attempted to operate a digester at pH 6.0. Despite minimal success, these authors did
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note that operation at a reactor pH of 6.0 should be possible. The success operating at
low pH achieved in this work was likely related to the simple composition of the
wastewater stream. The only contaminant was acetic acid, eliminating the possibility of
inhibition due to the accumulation of propionic and other fatty acids. Additionally,
Brummeler et al. (1985) terminated their experiment operating at pH 6.0 after 140 days.
This reactor system required about 100 days to achieve an acidic pH range and regularly
produce a biogas containing 40% or more methane. The lack of success in Brummeler et
al.’s work may have been that the authors simply did not allow the reactor system to
operate for a sufficient period of time. This work shows that a low pH system cannot be
maintained without an adequate acclimation period that serves to both maintain an acidic
system pH and regulate consistent methane production
The COD of the reactor liquid was also monitored. The unit was operated semicontinuously, meaning that acetic acid was only added when the COD dropped below
1,000 mg/L. The maximum COD desired was around 2,500 to 3,000 mg/L,
corresponding to an acid concentration of about 2 g/L. Figure 6.4 shows the COD of the
liquid phase. The spike to 5,100 mg/L on Day 25 represents an accidental overdose of
acetic acid to the system. The peaks following days when the COD was less than 1,000
mg/L represent additions of acetic acid to the system, typically between 7.5-8.0 mL.
After Day 89, the amount of time required to reduce the COD to less than 1,000 mg/L
ranged from 10 to 39 days, with an average length of 22 days. The actual acetic acid
concentration as measured by HPLC analysis ranged from as much as 2.2 g/L
immediately after acid addition to 0.101 g/L when the COD was less than 1,000 mg/L.
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The 22-day average retention time required to completely degrade the 2 g/L acetic
acid in this system is not unreasonable. Anaerobic digesters can have hydraulic residence
times varying from a few hours up to 20 days or more, depending on the composition of
the feed stream (Speece, 1996). In two-stage systems, the acetogenesis stage and the
methanogenesis stage may each have a residence time of as much as 30 days (Weber et
al., 1984). If the pH of this system were increased to around 7.0, the HRT would likely
be reduced to 10-12 days. Obviously, if the concentration of the acetic acid increases, a
longer HRT would be necessary for complete degradation. A large scale system should
be monitored accordingly to ensure that the HRT is appropriate for the feed composition
in order to maximize gas production and produce a high quality effluent stream.
Figure 6.5 shows the oxidation/reduction potential in the reactor, as well as the
oxygen concentration in the gas headspace. As shown in the figure, by Day 25, the
oxidation/reduction potential of the liquid was less than zero, indicating anaerobic
conditions had developed. Data prior to Day 25 is considered unreliable due to a
malfunction of the redox equipment. The sharp increases in the redox potential at days
117 and 269 were the result of power outages, which caused the unit to reset. Analysis of
the gas headspace showed that the gas contained only trace amounts of oxygen (less than
2%), which was likely the result of contamination in the syringe and needle. The
combination of these data shows that anaerobic conditions were maintained in the reactor
during the entire length of operation.
As outlined by the results shown above, methanogens have the capability of
acclimating and producing methane in a low pH environment. Without more specific
analysis of the cell material, it is unknown whether the initial methanogenic species
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present in the inoculum adapted to the low pH or if other acid-tolerent species increased
in population to dominate the system. In this particular case, the acclimation period
lasted about 100 days, and lags in methane production were exhibited during this time.
However, in the nearly 200 days following the acclimation period, the reactor system
maintained an acidic pH range and continued to convert the acetic acid substrate into
methane and carbon dioxide. While there is evidence that certain methanogens prefer an
acidic pH for growth and acid conversion (Williams and Crawford, 1985; Maestrojuan
and Boone, 1991; Duval and Goodwin, 2000; Horn et al., 2003), only the bulk pH of the
system was measured. It is possible that the methanogens were able to control the pH in
the immediate microenvironment to maintain more neutral conditions (De Beer et al.,
1992; Duval and Goowin, 2000). Ideally, the pH in the microenvironment should also be
measured and compared to the bulk pH in order to obtain a more accurate representation
of the reactor pH.
More in-depth research is required to determine if the carbon dioxide/hydrogen
conversion to methane is a significant contributor to biogas production in this system.
The low pH of the system should enable CO2 to remain dissolved in the liquid phase and
prevent the formation of carbonates and bicarbonates. However, if the system was
hydrogen limited, little methane would be produced via this pathway. The impact of this
pathway could be further evaluated by adding additional hydrogen to the system and
observing the impact on methane content, or by conducting studies using radio-labeled
substrates. In summary, the application of methanogenesis at low pH appears to be a
feasible method for treatment of this particular type waste stream on an industrial scale.
In addition to potentially increasing the methane yield, operating at low pH would
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eliminate the need to adjust the pH of the stream prior to anaerobic digestion. The
combination of energy recovery and cost savings associated with eliminating the need for
base addition make this treatment more economically attractive, the details of which are
discussed in Engineering Significance (Chapter 10).
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Figure 6.2: Methane Content in BioFlo Reactor Headspace
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Figure 6.3: Carbon Dioxide Content in BioFlo Reactor Headspace
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CHAPTER VII
RESULTS AND DISCUSSION – UTILIZATION OF ETHANOL
FERMENTATION BROTH IN WASTEWATER

Because the syngas to ethanol fermentation process is expected to generate
significant amounts of spent growth media, batch experiments were conducted to
evaluate the effect of adding fermentation media generated from concurrent batch
experiments at evaluating the production of ethanol and acetic acid at MSU to the
methanogenic reactors. Rather than preparing a synthetic solution containing acetic acid
and the nutrient and trace metal solution, waste broth was obtained from these ethanol
and acetic acid production experiments. This waste liquid contained mixtures of
production and growth media, as well as organisms such as Clostridium ljungdahlii,
Clostridium thermoaceticum, a mixed ethanol production consortium, and any
contaminants that may have entered the media. Only acetic acid was added to produce a
2 g/L substrate; no additional nutrients or trace metals were added. The average initial
COD of the acetic acid/fermentation broth solution was higher than the 2 g/L
acid/nutrients/trace metals solution used in other experiments. The first group of
experiments conducted using the fermentation broth had an average initial COD of 3,816
mg/L, while the average initial COD for previous experiments was less than 3,000 mg/L.
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Experiments evaluating the effect of the fermentation broth in the substrate were
conducted at initial pH values of 7.0 using fresh cell material from a wastewater
treatment plant anaerobic digester and cells from the laboratory Bioflo unit operating at
low pH.
Figure 7.1 compares the methane and total gas yield produced by the two different
inocula in a system with an initial pH of 7.0. Since the initial COD was higher due to
carbon sources present in the fermentation broth (fructose, cell material, etc.), the gas
yields were expected to be higher than those achieved with the basic acetic
acid/nutrients/trace metal substrate solution. As shown in the figure, the average methane
yields of two inoculum sources do differ, with the POTW cells and low pH Bioflow cells
producing 1.15 and 1.4 moles of methane per mol of acid, respectively. However, these
results are not statistically different at the 95% confidence interval when compared with a
t-test between means. The average methane yield of both cases using the fermentation
broth is statistically different (at the 95% confidence interval) from the average methane
yield produced in base case experiments that did not utilize the fermentation broth.
As mentioned previously, the initial COD of the fermentation broth solution was
higher than acetic acid solutions not containing the fermentation broth. The COD
reduction was comparable, as these experiments had a final COD of less than 1000 mg/L.
This COD corresponds to an acetic acid concentration (as measured by HPLC) of less
than 100 ppm. The COD and HPLC data are shown in Figures 7.2 a and b. The final pH
and redox potential of these experiments were comparable to previous results, at about
7.4 and –400 mV respectively.
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An alternative comparison of the results of these data is to determine the volume
of CH4 produced (at 15°C and 1 atm) per mg of COD destroyed. When comparing the
data in this respect, there is little difference between the performance of the two
conditions. Using the fresh POTW cells, approximately 1.16x10-5 ft3 of methane were
produced per mg of COD destroyed, while the Bioflo cells produced 1.18x10-5 ft3 of
methane per mg of COD destroyed. At base case experimental conditions, about
1.06x10-5 ft3 of methane were produced per mg of COD destroyed. Normalization of the
data on a mass of COD destroyed basis shows that each of these conditions performed
about the same. The higher yields produced by the systems containing the fermentation
broth were the result of the additional COD (in the form of sugars, proteins, etc.) in the
spent media.
Additional experiments were run with the fermentation broth at 2 g/L acetic acid
and an initial pH of 4.1, which was the unadjusted pH of the fermentation broth mixture.
Changes in the fermentation broth media resulted in a very high initial COD of over 8000
mg/L for this broth. After 70 days of operation, these experiments were inhibited and
showed no increase in pressure to indicate gas production. Controls using this broth and
cells but with no acetic acid added were also run at initial pH values of 4.5 and 7.0. The
difference in the initial COD of these controls as compared to previous experiments using
the fermentation broth does not allow for comparison of the results. These controls did
produce 20 times more carbon dioxide than methane, and methane represented less than
5% of the total gas produced.
As a result of the ethanol production process, it is anticipated that a significant
amount of media and waste cells will be produced. In order to dispose of this mixture
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and reduce the costs of supplying nutrients to the anaerobic digestion process, it is
desirable to add this mixture to the acetic acid wastewater stream prior to digestion.
Ideally, the mixture of media and waste cells would contain enough vitamins and
nutrients to sustain high methane yields, as observed in experiments where the
nutrient/trace metal solution was added. The drawback to utilizing this waste
fermentation broth mixture is that it contains high levels of fructose and/or fructose,
which can be inhibitory to methanogens (Baresi et al., 1978). Initial experiments
conducted with the waste fermentation broth performed comparably to experiments
supplied with the nutrient/trace metal mixture. The average methane yield of the
experiments containing the fermentation broth was significantly higher than the yield
from the base case experiments; however, this is to be expected due to the increase in
COD as a result of the addition of the fermentation broth. In these experiments, the
average initial COD increased by 20-40% when the fermentation broth was used as the
source of nutrients. Due to limited amounts of available waste broth, no controls
(fermentation broth containing no acid) were conducted in this set of experiments. As a
result, the amount of methane produced from the acetic acid versus the amount produced
from the additional carbon sources in the fermentation broth is unknown. However, the
increase in methane yield is favorable for two reasons: the anaerobic digestion process
disposed of the excess fermentation broth, and the additional methane improves the
energy value of the biogas.
Problems arose when trying to replicate these results and perform controls with
subsequent batches of waste fermentation broth. Additional batches of fermentation
broth had an initial COD of approximately 8,000 mg/L before addition of any acetic acid;
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therefore results from these experiments are not comparable to those conducted earlier.
The very high COD also produced large amount of carbon dioxide and very little
methane. Based on the results, it seems that the complexity of the spent growth medium
disrupted the specialized culture of methanogens that had acclimated to utilizing only
acetic acid. It is possible that the high concentration of sugars, proteins, etc., in this broth
inhibited the methanogens, allowing other anaerobes to dominate the system and produce
large amounts of carbon dioxide from sugar. Baresi et al. (1978) reported that addition of
0.1% fructose inhibited methanogenesis by an acetate enrichment culture after an initial
burst of gas production. Additionally, methanogens have not been shown to metabolize
fructose to any significant extent, and the fructose degrading enzyme, 6phosphofructokinase has not been found in organisms belonging to the kingdom Archaea
(Prescott et al., 2002). It is not recommended that a fermentation broth with such a high
COD be used as a regular supply of nutrients. Also unknown is the trace metal content of
the waste broth, and optimum methane production should not be expected if these trace
metals are not present in the anaerobic digester system. Until the waste fermentation
medium can be further characterized and produced with more consistent quality, care
must be taken when attempting to utilize this influent as the sole source of nutrients.
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CHAPTER VIII
RESULTS AND DISCUSSION – ORGANISM IDENTIFICATION
Fluorescent In-situ Hybridization
The goal of the Fluorescent In-Situ Hybridization (FISH) studies was to
determine which species of methanogens were present in reactors under different
conditions. Since Methanosarcina sp. tends to dominate in low acid concentrations,
while Methanosaeta sp. prefers higher acetic acid concentrations, cells were collected
and evaluated from experiments with drastically different initial acetic acid
concentrations. Additionally, cells were collected from sludge obtained from an
anaerobic digester at a municipal wastewater treatment facility that had not been used in
any laboratory experiments. Fresh cells were analyzed to establish a baseline profile of
the methanogenic population that would be compared to results obtained from analysis of
cells used in batch experiments. The samples collected from the two batch reactors were
analyzed to determine if the different acetic acid concentrations resulted in the
predominance of one genera of methanogen over the other.
Cells were collected and preserved via procedure outlined in Materials and
Methods (Chapter 4). Samples were analyzed using two 16S rRNA oligonucleotide
probes specifically for Methanosarcina barkeri, Methanosaeta concilii, as well as a
universal methanogens probe, all purchased from GeneDetect.com, Limited. The
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procedure used for this analysis was previously reported to be successful differentiating
Methanosaeta concilii and Methanosarcina barkeri in samples of anaerobic mesophilic
granular sludge (Rocheleau et al., 2000). The procedure was recommended by experts at
GeneDetect.com, Limited; however, it utilized probes developed by the authors of the
research and not this manufacturer. Cells were analyzed from experiments conducted at
initial concentrations of 2 g/L acetic acid and 20 g/L acetic acid. Both species of
methanogens were found in sludge from the two initial acid concentrations and in the
samples obtained from the fresh anaerobic digester sludge. Figures 8.1a, b, c, and d show
the results obtained from the FISH procedure. The Methanosarcina organisms were
identified as the large granules comprised of smaller, spherical organisms, while the
Methanosaeta organisms were identified as the long rod-shaped chains. These
observations matched descriptions of these organisms as reported in literature (Colvin et
al., 1979; Zehnder et al., 1980; Huser et al., 1982; Brummeler et al., 1985; Jetten et al.,
1992; Wu et al., 1993). The probes specific for the two genera of methanogens singled
out only the organism they were designed to identify, whereas the universal probe
detected both genera. Analysis of the fresh sludge verified that the sludge contained both
genera of methanogens; however, quantification of cell numbers was not possible using
this technique. Analysis also verified that both genera of methanogens were present in
the two different acetic acid concentrations; however it was not possible to determine if
the Methanosarcina sp. organism predominated at the lower acid concentration or if the
Methanosaeta sp. organism predominated at the higher acid concentration.
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DNA Extraction
Both methods of DNA extraction described in Methods and Materials (Chapter 4)
were attempted multiple times using cell material obtained from the Bioflo unit; however,
neither yielded any DNA. When Method 1 failed to yield any observable DNA, Dr.
Dwaine Braasch from the Mississippi State University Department of Biochemistry was
contacted for assistance. He suggested Method 2 as a more aggressive technique for
extracting DNA that leaves less room for human error as compared to Method 1. When
samples obtained through Method 2 were viewed under a spectrophotometer, there was
no absorbance at the wavelength specific for DNA. Both methods may have failed due to
less than ideal conditions in the laboratory. The constant presence of dust in the lab
could have contaminated the samples during the extraction attempts. The most probable
explanation for the failure to extract DNA is the low concentration of targeted active cells
in the Bioflo system. The total liquid volume is about 4 L, and along with the water,
substrate, and cells, the reactor also contains a significant amount of non-methanogenic
plant material and sediments. The inoculum obtained from the bog was allowed to settle
before it was added to the unit; however, plant material, soils, and sediments from the
bog did enter the system. When the liquid is well mixed, samples collected from the
reactor are almost completely opaque, indicating a large amount of non-methanogenic
material in the system. Filtering the samples did help to remove much of this material,
but most likely not enough methanogenic cells were in the samples collected to begin
with, since methanogens are well known for not generating large amounts of biomass.
Additionally, the methanogens could have been attached to the solid material that was
filtered out of the sample, even after the liquid from the reactor was vortexed. The
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organisms also could have attached themselves to the wall of the reactor or to the baffles,
probes, and other equipment in the vessel. Regardless of the reason, apparently not
enough cells were present in the samples collected to extract any usable DNA. Time
constraints did not allow for further pursuit of this work, and no further analysis to
identify the organisms in the system was performed. In the future, success may be
achieved by obtaining a sample from the reactor, growing a sub-culture of methanogens
in a culture tube or petri dish, and using this culture to extract DNA. Once the technique
for DNA extraction is refined, gel electrophoresis can be used to separate and identify
individual species of methanogens present in a reactor system.
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8.1a: FISH Results, 20.0 g/L Acetic Acid, Methanosarcina sp. cells, Universal
Methanogens Probe, 500 mm x 500 mm, 20X Magnification
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31 µm

8.1b FISH Results, 20.0 g/L Acetic Acid, Methanosarcina sp. Granule,
Universal Methanogens Probe, 50X Magnification
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8.1c FISH Results, 2.0 g/L Acetic Acid, Methanosaeta sp. cells, Methanosaeta
Probe, 100X Magnification
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8.1d FISH Results, 2.0 g/L Acetic Acid, Methanosaeta sp. cells, Universal
Methanogens Probe, 100X Magnification

CHAPTER IX
KINETICS AND REACTOR DESIGN
Kinetics
Batch experiments were conducted at base conditions (2 g/L acetic acid, 1X
nutrient/trace metal solution, initial pH 7.0) for the sole purpose of determining the acetic
acid degradation and methane production rates. The liquid COD and acetic acid
concentrations were measured at different times during the experiment (rather than
measuring just the initial and final concentrations) in order to track the acid degradation
over the entire length of the experiment. Figures 9.1a and b show both the average COD
and acetic acid concentration in the batch system at intermediate points. This data
represents the average data collected during nine different experiments. As seen in the
figure, both sets of data show similar trends and similar degradation rates. The acetic
acid concentration vs. time data (obtained via HPLC) was evaluated using non-linear
regression, and kinetic constants including the maximum specific growth rate (µm),
saturation constant (Ks), substrate inhibition constant (Ki), and the cell growth yield (yx)
were obtained. The non-linear regression was performed using Equations 9.1, 2, and 3
developed by Yang and Okos (1987) as shown below.

µ m t = A ln

S S − So
X
+ B ln
−
So
Ki
Xo
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A = 1+

Ks
S + X o yx
+ o
S + X o yx
Ki

B=−

(9.2)

Ks
So + X o yx

(9.3)

Along with the substrate concentration (S) and the time (t), the initial cell
concentration (X) also had to be specified to complete the regression. An average value
of 3.56 g of cells per L of acetic acid was obtained by determining the total and volatile
suspended solids content of 19 batch experiments, and the amount of volatile solids
present was taken to be the amount of biomass present. Since the source of the cells was
a municipal anaerobic digester, it is possible that other volatile solids other than cell mass
were present. However, for these experiments, volatile solids presents an acceptable
estimate of the biomass present in the batch experiments, as it is difficult to accurately
quantify the amount of cells present using optical density or physical observation. Nonlinear regression revealed the following values for the constants described above as
compared to values obtained by Yang and Okos (1987) using the same model.
Parameter

Experimental Value

µm, hr-1
Ks, g/L
Ki, g/L
yx, g cells/g acetic acid

0.00121
3.388
811.49
0.108

Literature Value
(Yang and Okos, 1987)
0.029, 0.038, 0.63
1.00, 1.75, 100.0
48.66, 7.37, 0.46
0.032

The values reported by Yang and Okos were obtained from batch experiments
using pure cultures of methanogens, including M. mazei S6, M. barkeri 227, and M.
barkeri MS. In addition, the cells were known to be in the log (or exponential) phase,
meaning that the population was growing at a constant maximum rate by dividing at
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regular intervals. In comparison, the cells used in our experiments represented a mixed
culture obtained from a municipal anaerobic digester, and the phase of growth was
unknown. The small maximum specific growth rate determined for our batch
experiments suggests that the cells were not in the maximum, exponential growth phase.
The saturation constant (Ks), which represents the concentration of limiting nutrient
required for growth at half the maximum rate, calculated using our data was comparable
to that determined by Yang and Okos. The inhibition constant, Ki, is related to substrate
inhibition, and the smaller the value, the larger effect of substrate inhibition on bacterial
growth. Yang and Okos reported the optimum acid concentration resulting in no
inhibition of cell growth as about 6 g/L acetate, while the maximum concentration in our
experiments was 2 g/L acetic acid. Based on this comparison, our experiments should
not have been affected by substrate inhibition, and the very large Ki obtained from the
data indicates that, in fact, substrate inhibition had little to no impact on our system. The
variable yx represents the cell growth yield, in gram of cells per gram of acetic acid.
While the experimental cell growth yield appears to have improved when compared to
the literature value, this model assumes that yx is a constant. The difference between the
literature value and the experimental value for yx indicates that this assumption is not
valid for this system. While some of the experimental values agree with literature, the
discrepancies in the cell growth yield and specific growth rate suggest that the system
represented by these experiments is not adequately described by this model. The
population growth dynamics in our system are likely more complicated than the logphase growth of pure cultures evaluated for model development. Additionally,
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inaccuracies associated with using total and volatile solids analysis to measure
methanogenic cell mass may have affected the outcome of model application.

Reactor Design
Based on the results from the batch and semi-continuous experiments, several
reactor design scenarios have been developed based on different wastewater production
rates and operating conditions. A small synthesis gas fermentation operation would
produce about 2.5 million gallons of ethanol and 37.5 million gallons of wastewater
annually. A high-end production capacity of 40 million gallons of ethanol would result
in 6 billion gallons of wastewater annually. By comparison, municipal wastewater
treatment facilities servicing cities with less than 20,000 residents process approximately
4.47 million gallons of wastewater per day. Despite the much larger volume of
wastewater compared to ethanol, these wastewater production rates are not unreasonable
when compared to conventional municipal wastewater treatment capacity.
The first scenario represents a reactor operating at base case conditions: 2 g/L
acetic acid and initial pH 7.0. At an annual ethanol production rate of 2.5 million gallons,
and a retention time of 15 days, the wastewater treatement system would need to
accommodate about 1.54 million gallons of wastewater. Using a nutrient/trace metals
solution of the same composition as described in the Methods and Materials section
(Chapter X) would add an additional 3,080 gallons of reactor capacity if processing 2 g/L
acetic acid stream. Adding 4 times the recommended amount nutrients and trace metals
to 2 g/L experiments did not appear to increase methane production rates, and in some
cases possibly decreased methane yield; therefore, the base nutrient solution/trace metal
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composition (as recommended by Speece, 1996), should be sufficient for degrading a
stream of this concentration. Based on this work, the ratio of wastewater to cells should
be 12.5:1, resulting in a methane production rate of about 0.00167 ft3 CH4/g cells-day. In
this system, most of the carbon dioxide will be converted to carbonates and remain
dissolved in the liquid phase.
If the acetic acid concentration increases, then the dose of nutrients should be
increased to help reduce the retention time in the reactor. If the concentration of acid in
the wastewater increases to 8 g/L, the nutrient dose should increase to 4-times the
recommended amount. Accordingly, the retention time of this stream would also
increase to about 40 days in order to reduce the acid concentration to about 100 ppm.
The methane yield does not increase with higher nutrient/trace metal doses; however, the
methane production rate should increase to about 0.0028 ft3 CH4/g cells-day.
Based on batch experiment results, decreasing the initial pH of the wastewater
stream to about 4.5 should increase the methane yield by about 30% (to 1.3 moles of
methane produced per mole of acid consumed) and the total gas yield by about 70%. It is
important to note that the results were obtained in a reactor system that was not
controlled at pH 4.5. The system pH was allowed to self-control and ranged from about
4.0 to 6.0. The decrease in wastewater pH does affect the estimated retention time in the
reactor. Batch experiments at pH 4.5 required about 35 days to reduce the acetic acid
concentration to less than 200 ppm, while semi-continuous digestion required about 22
days to achieve the same degradation. Assuming a residence time of 22 days, a 2.5
million gallon per year ethanol production facility would required a digester capacity of
about 2.6 million gallons. Using the 12.5:1 wastewater to biomass ratio, this system
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should produce about 0.0011 ft CH4/g cells-day. The estimated composition of the gas
3

headspace will depend on the headspace volume; however, at steady-state methane
production, the ratio of methane to carbon dioxide should be between 0.7-1.0. Crucial to
the success of this system is ensuring a proper start-up and acclimation period. In batch
experiments, this acclimation (or lag) period lasted an average of about 20 days, while in
the semi-continuous system, about 100 days were required to overcome the acclimation
period and achieve consistent operation.
Since the only substrate is acetic acid, only a one-stage reactor system is
required. In order to maintain a temperature of 35°-40°C, the reactor must be outfitted
with an external heat exchanger. The pH of the wastewater should be adjusted with a
strong base prior to entering the anaerobic digester if operation at neutral pH is desired.
Some base will likely have to be added to achieve an initial pH of 4.5 as well, as a 2 g/L
acetic acid solution has a pH of less than 4.0. Regular sampling of the liquid should
occur in order to monitor the system pH, the COD of the liquid, and the acetic acid
concentration. Based on the results of this research, a simple Upflow Anaerobic Sludge
Blanket (UASB) reactor with no agitation is proposed. To achieve similar results, the
wastewater to biomass ratio should be at least 12.5:1, which is a cell concentration of
about 0.96 g cells/L. Some cell washout and death should be expected; therefore, fresh
cell material should be added to the system on a regular basis, possibly after processing 3
to 4 reactor volumes of liquid. Nutrients should also be added either on a regular basis,
either continuously, or in known amounts that will last for a predetermined length of
time. To prevent dilution of the biogas, the reactor should be fitted with a floating lid,
allowing for the reactor headspace to be mainly methane and carbon dioxide. In order to
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increase the Btu value of the gas, the CO2 should be removed in a downstream gas
separation unit.
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Figure 9.1a: COD Degradation, Initial [Acetic Acid] 2.0 g/L, pH 7.0
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Figure 9.1b: Acetic Acid Degradation, Initial [Acetic Acid] 2.0 g/L, pH 7.0

CHAPTER X
ENGINEERING SIGNIFICANCE AND PROCESS ECONOMICS
As outlined in the Introduction (Chapter 1), incorporating the production of
ethanol from synthesis gas into the fuel economy has the potential to profoundly impact
the nation’s energy supply. Not only does utilization of fuel grade ethanol reduce the
country’s dependence on foreign oil resources, it also reduces pollution by producing
energy from renewable resources found within the biosphere (rather than fossil fuels).
Obviously, ethanol production is not the only benefit of synthesis gas fermentation;
methane production from anaerobic digestion of the process wastewater represents a
valuable source of energy for a large-scale facility. Other successful applications of
anaerobic digestion process wastes from pulp and paper facilities, breweries, canneries,
and dairy farms (Mtz. Viturtia and Mata-Alvarez, 1989; Cronin and Lo, 1998; Jain and
Mattiasson, 1998; Kato et. al., 1999; BioCycle, 1999 and 2000). The challenges facing
this technology are primarily associated with the quality of the wastewater. There is no
set design covering this range of feed streams; ideally each reactor system would be
individually designed for its particular application. Additionally, most streams treated in
anaerobic digestion produce a biogas with about 30% less Btu value than natural gas.
Finally, many smaller wastewater treatment operations have not taken full advantage of
methane production from anaerobic digestion because the quantity of methane produced
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was not large enough to justify the capital and operations costs associated with the
process.
As environmental regulations become more stringent different industries have
realized the need for some type of wastewater treatment to destroy any contaminants.
The most common treatment application for these types of wastewater streams is
biologically based and can occur either aerobically (in the presence of oxygen) or
anaerobically (oxygen-free). Historically, almost all industrial wastewater was treated
aerobically (Speece, 1996). However, in recent years issues with disposal of the large
volumes of sludge material produced from aerobic digestion has renewed the interest in
anaerobic digestion, which produces much less waste biomass. Additionally, anaerobic
digestion is less costly to operate, requires less space, and produces no off-gas pollution.
In some cases, the amount of methane produced can offset the entire cost of the digester
as well as produce additional energy that can be sold for additional profit. The potential
for the production of additional energy in the form of methane was the driving force for
pursuing this research.
In order to determine the methane production potential of the synthesis gas to
ethanol fermentation, wastewater production rates were calculated for ethanol production
rates of 2.5 to 40.5 million gallons per year. In order for the ethanol production process
to be economically feasible, an effluent containing 50 g/L ethanol must be produced, and
this was the ethanol concentration used for these estimates. The total amount of
wastewater produced is the difference between the total liquid flowrate and the ethanol
production rate. Figure 10.1 shows how the relationship between ethanol and wastewater
production. Approximately 15 times more wastewater is produced than ethanol.
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Methane production was estimated for acetic acid concentrations in the wastewater of 2,
3, 4, and 5 g/L at both 95% and 130% methane yields. Figures 10.2a and b show the
annual volumetric methane production at 15°C and 1 atm (STP for methane gas) for the
two yields at each of the acetic acid concentrations and the various ethanol production
rates. As shown in the figure, at a neutral operating pH, methane production does not
exceed 50 million ft3 per year until the annual ethanol production rate increases to 20
million gallons. Figure 10.2 b shows the methane production expected when the reactor
system is operated at an initial pH of 4.5. This decrease in pH is projected to increase
methane production by 30%; however, methane production remains less than 50 million
ft3 annually when the ethanol production rate is 2.5-10 million gallons per year.
Figures 10.3a and b show the energy equivalent of methane production. This
estimate was based on production of a final stream that is almost pure methane, requiring
removal of any carbon dioxide, nitrogen, or other gases from the biogas. A ratio of 1000
Btu per standard ft3 was used to estimate the energy value of the methane produced. If
the CO2, N2, and other gases were not removed from the biogas, the Btu value would
decrease to about 650-750 Btu/ft3. Using the higher energy value, the maximum annual
methane production from this process (assuming 130% yield, 40 million gallons ethanol
per year, 5 g/L acetic acid) is 2.0x1011 Btu. In most cases, methane production is less
than 5.0x1010 Btu. To put this annual production rate in perspective, in 2002, the U.S.
consumed 2.25x1013 ft3 of natural gas (Department of Energy). The maximum
contribution achievable through this production amounts to less than one percent of the
total U.S. natural gas consumption.
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The annual value of the natural gas produced from this process varies from
$23,000 up to $1.26 million, depending on the current price of natural gas, ethanol
production rate, concentration of acetic acid in the wastewater, and methane yield. The
current price of natural gas is just over $6 per million standard cubic feet, and recent
testimony by Alan Greenspan (2003) indicates the price could peak at about $7.50 per
million scf. Optimum production conditions would be to maximize ethanol production
and methane yield but minimize acetic acid production. An ethanol production rate of
40.5 million gallons per year producing a wastewater containing 2 g/L acetic acid would
result in an estimated $500,000 worth of methane assuming a 130% methane yield and
current prices. Figures 10.4a and b show the annual value of the methane produced as a
result of ethanol production. However, as wastewater and methane production rates
increase, so do the costs associated with construction and operation of the appropriate
wastewater treatment facility. Figure 10.5 shows the relationship between ethanol
production rate and wastewater treatment costs. The basic cost estimate for constructing
a typical anaerobic digester system is approximately $2 per thousand gallon per day
processing capacity (Zappi et al., 2001). As a result, at the low end of ethanol production
(2.5 million gallons per year) the cost of a wastewater treatment facility is about
$200,000, while a facility appropriate for a 40 million gallon per year ethanol plant would
cost almost $3.3 million. Figure 10.6 shows a simplified rate of return on this
investment. When compared to the current value of the methane produced, it would
require about 6.5 (at 95% yield) to 9 (at 130% yield) years to recover enough methane
from a 2 g/L acetic acid stream to recover the cost of the wastewater treatment facility.
Additionally, the methane produced via wastewater treatment would offset the cost of
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energy required to operate equipment, such as reboilers, that are necessary for other steps
in the ethanol production process. Unquestionably, the wastewater from this facility must
be treated before it can be discharged to either the environment or a municipal
wastewater treatment facility. When compared to aerobic digestion, the next logical
choice for wastewater treatment, anaerobic digestion should save up to a total of
$150/1000 kg of COD converted in nutrient supplements, electricity (as a result of no
oxygen requirement), and reduced synthesis of waste biomass (Speece, 1996).
Improvements in anaerobic digestion could have a tremendous impact on many
other industries beyond application to treatment of wastewater generated from ethanol
production. Many industries such as seafood processing, biscuit, chocolate, and cheese
processing, and olive oil production have only recently begun to consider anaerobic
treatment of their waste streams. Certain wastewaters, such as those produced during
cheese making, have shown the potential to produce even more energy than the process
requires, thereby providing an additional commodity for the industry. Other applications,
such as the anaerobic digestion of biomass and dairy manure, often do not produce
enough methane to make recovery of the gas economical. A 30% increase in methane
yield (in systems operating at low pH) as achieved in this work could allow these
applications to increase methane production to amounts worthy of recovery.
Additionally, operating at lower pH could make treatment of wastes that are inherently
acidic more convenient and economical, as it would eliminate the need to add a base to
increase the pH of the stream prior to treatment.
Regardless of the application, the anaerobic treatment of wastes has the potential
to become an important component of the natural gas market in the United States and
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worldwide. As natural gas prices continue to rise, more industries are going to look for
alternative sources of methane gas, and biological production is a logical choice. Many
of the feedstocks for this process are wastes that require some type of treatment, and
utilizing them for methane production turns an economical liability into a commodity.
Finally, in a society where environmental stewardship is of high importance, using wastes
to produce “green” energy is an attractive option to minimize pollution and the
dependence on non-renewable resources.
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CHAPTER XI
CONCLUSIONS AND RECOMMENDATIONS
The following conclusions and recommendations reflect results obtained from
both the batch and semi-continuous experiments. Also discussed are findings obtained
from the FISH and DNA extraction procedures.
Batch Experiments
•

Maximum methane production occurred when the complete formulation of
nutrients/trace metals (as recommended by Speece) was added to reactor systems.
The anaerobic digester sludge used in these experiments does not contain enough
nutrients and trace metals to support maximum methane production in batch
experiments; therefore, at a minimum, the complete nutrient/trace metal
formulation should be added.

•

Adding 2-4 times the recommended amount of nutrients/trace metals increased
the methane production rate in systems with elevated acetic acid concentrations
(8 g/L). Although methane yields are not affected, doubling or quadrupling the
nutrient/trace metal dose decreases the degradation time by half.

•

Increasing the nutrient dose 10-fold decreases methane production rates and
methane yields, likely due to the presence of excessive amount of ammonia.
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•

Methane production was observed at acetic acid concentrations up to 40 g/L.
While higher acid concentrations did exhibit longer lag periods prior to gas
production, no acid concentration tested completely inhibited methane
production. Due to the extensive length of time required to process the highest
concentrations of acid, treatment at these levels is not practical unless the stream
is diluted.

•

Experiments conducted at 2 g/L acetic acid, the recommended amount of
nutrients and trace metals, and initial pH 7.0 (base case conditions) produced an
average methane yield of 0.95 moles per mole of acid.

•

Decreasing the initial pH to 4.5 increased the methane yield by 30%, to 1.3 moles
of methane per mole of acetic acid and the total gas yield by 70%.

•

A low initial pH results in more CO2 in the aqueous phase and inhibits the
formation of carbonates. As a result, more CO2 is detected in the gas headspace.

•

Following the production of CO2 and CH4 via the heterotrophic (acetic acid
utilizing methanogens), aqueous CO2 and H2 (from the anaerobic chamber) were
likely converted to CH4 by autotrophic methanogens present in the system.

•

The combined effects of the heterotrophic and autotrophic methanogens
increased the amount of CH4 produced to levels above the theoretical yield as
reported for aceticlastic methanogenesis.

•

Methanogenesis at low pH is possible.

•

Optimum methane production was achieved when cells were utilized no more
than 3 to 4 reactor cycles. Beyond 3 to 4 cycles, methane yields decreased, likely
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due to dilution of the cells, the build-up of some inhibitory compound, a decrease
in some unknown nutrient or trace metal, or reduced rates of cell replication.
•

Sparging fresh cell material with pure oxygen for specified amounts of time did
not affect methane production rate or yield.

•

Replacing the reactor headspace with air did reduce the methane yield by about
12%; however the oxygen in the system did not completely inhibit
methanogenesis. Aerobes in the system likely consumed the oxygen, producing
the anoxic environment preferred for methanogenesis.

•

Using air as the reactor headspace produced the lowest final COD values of any
experiments, as the final COD was consistently less than 100 mg/L.

•

Adding 30% hydrogen to the reactor headspace did not increase methane yields
at an initial pH of 7.0. Experiments conducted at an initial pH of 4.5 produced no
gas even after over 50 days of incubation. However, since the CO2/H2 pathway
is likely what increased the methane yield in the experiments at low initial pH,
further experimentation should be conducted. It is possible that 30% hydrogen is
inhibitory to these methanogens or stimulatory to other organisms that compete
for nutrients, and the concentration needs to be lowered for utilization

•

Agitation of experiments at 100 rpm decreased the methane yield over time,
likely because the agitation destroyed the large granules and long, rod-like
structures formed by the methanogens. Mechanical agitation of the system is not
recommended.

•

The addition of vitamins to the recommended nutrient/trace metal formulation
shows potential to help extend cell activity levels and maintain higher methane
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yields over subsequent experiments. The vitamin solution is relatively easy and
inexpensive to obtain, making it a reasonable addition to the reactor system.
Without further investigation, however, no firm conclusions regarding the effect
of vitamins can be drawn. The addition of CoM produced no noticeable affect on
methane yield.
•

Adding vitamins or CoM to the nutrient/trace metal formulation and increasing
the dose 4-fold did not appear to improve methanogenesis.

•

It is recommended that vitamins be added to the nutrient/trace metal solution to
help sustain higher methane yields over a longer period of time. Addition of
CoM is not recommended due to inconclusive results and the high cost of the
supplement.

•

Attempts to produce biogas at an incubation temperature of 60° C were
unsuccessful, as evidenced by a lack of gas production. A temperature range of
35°-40°C is recommended.

•

Addition of spent fermentation media (from the ethanol production process) has
the potential to serve as a nutrient supply for the anaerobic digestion process.
However, due to extreme fluctuations in the composition of the spent media, it is
not recommended that this mixture be used as a nutrient source until it is more
completely characterized. The large amounts of sugars, proteins, and other
growth factors in the spent media appeared to disrupt the methane production
process.

•

Using the FISH procedure, both Methanosarcina sp. and Methanosaeta sp.
organisms were detected in fresh cells, cells used in 2 g/L experiments, and 20
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g/L experiments. While it can indicate what species of methanogens are present,
this method cannot be used to quantify the number of cells present.

Semi-Continuous Fermentation
•

Long-term methanogenesis at low pH is feasible if the organisms are allowed
proper acclimation periods.

•

Methane and carbon dioxide can be produced and the COD can be reduced to
less than 1,000 mg/L in a pH operating range of 4.0-6.0.

•

Attempts to extract DNA from the semi-continuous fermenter were unsuccessful,
likely due to the low concentration of cells in the reactor. With further
refinement of cell collection and DNA extraction techniques, this procedure
could be used to determine how cell populations in a reactor system change with
respect to system pH.
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